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MIT Pebble-Bed Nuclear Reactor Power Cycle (Kadak, 2005), and to improve on the design by changing the
working fluid to supercritical carbon dioxide (s-CO2). The power output of the process as specified in the
problem statement, provided by Adam Brostow, was 120 MW. S-CO2 is a much denser fluid, and should
theoretically require smaller equipment sizes, making it the more economically viable option for this process.
However, it was found that with a return on investment (ROI) of -2.13% and a net present value (NPV) of -
$489 million, this process was not economically feasible, due to the high temperatures, pressures, and flow
rates required. This process had an electrical output of 118 MW, while the helium met the design condition of
120 MW. The helium process had a ROI of 11% and a NPV of $241 million. For this reason, helium is
recommended as the working fluid for a nuclear reactor power cycle of this magnitude.
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University of Pennsylvania 
Department of Chemical and Biomolecular Engineering 
220 South 33rd Street  
Philadelphia, PA 19104 
April 5th, 2016 
Dear Professor Fabiano, Dr. Seider, and Mr. Brostow, 
 Enclosed are the contents of the written report containing the solution to the design 
problem recommended by Adam A.Brostow of Air Products and Chemicals. The assignment was 
in two parts: to model a helium-based modular, nuclear, power plant that would produce 120 
MW of electricity, and then to try to improve it by changing the working fluid to supercritical 
carbon dioxide (s-CO2). Mr. Brostow provided an existing process flow diagram designed by 
MIT as a Pebble-Bed Nuclear Reactor Power Cycle.  
 
The electrical output of the helium process meets the 120 MW design condition exactly 
and the s-CO2 process supplies 118 MW. Theoretically, the s-CO2 cycle should be more 
economically feasible because it is a denser fluid than helium, and should require smaller 
equipment sizes. After a thorough investigation, it was found that the s-CO2 cycle was not 
economically feasible, with a return on investment of -2.13% and a net present value of  
-$489 million, due to the high temperatures, pressures, and flow rates necessary for the design. 
The helium, by contrast, has a return on investment of 11% and a net present value of $241 
million. For this reason, helium is recommended as the working fluid of choice for such a design. 
 
 Both the helium and s-CO2 processes were modeled on ASPEN Plus V8.8. The cost 
estimates and profitability analysis were calculated using the ASPEN Process Economic 
Analyzer, ASPEN Exchanger Design & Rating, the “Profitability Analysis-4.0” Microsoft Excel 
spreadsheet prepared by Brian Downey, and Product and Process Design Principles 3rd Edition, 
by Seider, Seader, Lewin, & Widagdo.  
 
We would like to thank you and the industrial consultants, Richard Bockrath, Gary 
Sawyer, and David M. Kolesar, for your assistance throughout this project.  
 
Sincerely, 
 
Abhinav Dantuluri     Sally Mink  
 
 
Dillon Weber      Stephanie Gedal 
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1. Abstract 
 The goal of this process was to model the helium-based modular, nuclear reactor power 
cycle after the existing MIT Pebble-Bed Nuclear Reactor Power Cycle (Kadak, 2005), and to 
improve on the design by changing the working fluid to supercritical carbon dioxide (s-CO2). 
The power output of the process as specified in the problem statement, provided by Adam 
Brostow, was 120 MW. S-CO2 is a much denser fluid, and should theoretically require smaller 
equipment sizes, making it the more economically viable option for this process. However, it 
was found that with a return on investment (ROI) of -2.13% and a net present value (NPV) of  
-$489 million, this process was not economically feasible, due to the high temperatures, 
pressures, and flow rates required. This process had an electrical output of 118 MW, while the 
helium met the design condition of 120 MW. The helium process had a ROI of 11% and a NPV 
of $241 million. For this reason, helium is recommended as the working fluid for a nuclear 
reactor power cycle of this magnitude.  
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2. Introduction and Objective-Time Chart 
2.1 Introduction 
 The idea behind using a nuclear reactor to generate electricity is that the entire process 
runs on clean energy. The nuclear reactor is used to heat the helium to a high temperature. The 
process of generating electricity using this heat was first published by MIT (Kadak, 2005), and 
the process diagram is shown below in Figure 2.1. The hot helium stream coming from the 
reactor is sent through the intermediate heat exchanger and then expanded in a series of turbines, 
also known as expanders, which power the compressors and generate the electricity for the 
process. The compressors, in conjunction with the intercoolers, provide the cooled and 
compressed fluid that absorbs heat in the recuperator heat exchanger. This cycle is known as the 
Brayton Power Cycle. 
 
Figure 2.1. MIT Pebble-Bed Nuclear Reactor Power Cycle (Kadak, 2005). 
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 For the purposes of this project, the details concerning the nuclear reactor were 
considered out-of-scope. As specified by Kadak in his paper, the reactor would be a pebble-bed 
type. These types of reactors are inherently safer than other options because they prevent the 
possibility of a meltdown or fuel damage and support online refueling. The fundamental concept 
of the reactor is that it takes advantage of the high temperature properties of helium, permitting 
thermal efficiencies upwards of 50%.  
This helium-based cycle was to be modeled first, and then compared to a similar process 
using supercritical carbon dioxide (s-CO2) as the working fluid. There was also discussion of the 
possibility of a combined cycle, using both helium and s-CO2 as the working fluids in 
conjunction with each other, but this was concluded as out-of-scope for this project. The idea 
behind using s-CO2 instead of helium is that, as a supercritical fluid, the s-CO2 is much more 
dense than helium, reducing the compression and capital costs of operation, which is important 
in developing a modular design. The helium-based nuclear power cycle process, as shown in 
Figure 2.1, was likely to be changed when s-CO2 became the working fluid. The assignment was 
to make this process economically more feasible than the helium-based process, because CO2 is 
much more readily available than helium.  
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2.2 Objective-Time Chart 
 
Project Name:     High-Temperature Nuclear Power Cycle Using Either Helium or s-CO2 
 
Project Leaders: Sally Mink, Steph Gedal, Dillon Weber, Abhinav Dantuluri 
 
Specific Goals:    Model two high-temperature nuclear reactor power cycles after the MIT design 
using the ASPEN Plus process simulator: one with helium as the working fluid 
and one with supercritical carbon dioxide as the working fluid.  
 
Project Scope: 
 
 In-Scope 
 Power cycles generating 120 MW for both the helium-based and s-CO2-based 
processes. 
 A profitable cycle for both, with the s-CO2 cycle potentially more economical due 
to s-CO2 being more dense 
 
Out-of-Scope 
 A similar power cycle design, except with concentrated solar power as the source 
of energy 
 Nuclear reactor details and design 
 Combined cycle (both helium and s-CO2 as the working fluids)  
 
Deliverables: 
 
 Business Opportunity Assessment 
o Will the s-CO2 cycle end up being more profitable than the helium cycle 
as expected? 
o Will either cycle be profitable? 
 Technical Feasibility Assessment 
o Will the designs be technically feasible? 
 Manufacturing Capability Assessment 
o Can the design be manufactured without significant capital investment? 
 Timeline Assessment 
o Will the processes achieve a reasonable investor rate of return? 
 
Timeline:  Complete design and economic analysis by April 12, 2015.   
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3. Market and Competitive Analyses 
The helium process will produce 120 MW of electricity for sale in the PJM 
Interconnection wholesale market, which is North America’s largest wholesale electricity market 
and serves Pennsylvania and many of the surrounding states. According to analysis of data from 
the Energy Information Administration (EIA) – a branch of the United States Department of 
Energy responsible for providing energy data and forecasts for prices – on wholesale prices, 
electricity sold for an average of $54/MWh over the last 5 years in this market. However, a 
recommended price of $70/MWh was used after consultation with technical advisors (Seider, et 
al., 2016). In addition, the EIA predicts that United States electricity prices to rise at an annual 
rate of 0.6% to 2040, so this forecast was used to model changes in the price of the product over 
the lifetime of the process.  
The current peak electricity demand in the PJM market is approximately 183 GW 
(188,000 MW). Moody’s Analytics has predicted this demand will grow at an average rate of 
0.9% over the next 15 years (“PJM Load,” 2015), meaning additional generation capacity will be 
needed as older power plants retire. By 2020, at least 2,653 MW of capacity is set to retire in the 
PJM market and this process aims to be the replacement of choice for investors for several key 
reasons (“Future Deactivations,” 2016). 
First, this process produces electricity without generation of carbon dioxide or other 
harmful emissions into the environment. The implementation of the Clean Power Plan in the 
PJM market will ensure strong demand for carbon-free power, and the growing possibility of 
further economic or regulatory restrictions on greenhouse-gas emitting power sources, such as a 
Carbon Tax or Cap and Trade Scheme, means the product will be increasingly attractive to 
investors worried about the regulatory risk of CO2. Regardless of political concerns regarding 
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climate change, it is clear that there is a sustained market for carbon-free power in the United 
States generally and in PJM specifically. 
Second, this process is a reliable source of baseload power, meaning a reliable electricity 
generation source that can generate at all hours of the day and night. The process avoids the 
inherent, intangible risks of intermittency that are associated with renewable power while 
remaining carbon-free. Much of the retiring electricity capacity in this market is from thermal 
coal plants, which were originally sources of baseload power—consistently available for 
generation of electricity at any time. Wind and photovoltaic solar generated power thus cannot 
perfectly replace these lost baseload coal plants because of their intermittent nature, while this 
process has no concern about intermittency. This makes it a logical and safe choice for replacing 
retiring coal plants without the need for expensive solutions like utility-scale battery storage. 
This provides a strong opportunity for the helium loop to be implemented at various 
nuclear power plants throughout the PJM market. There are currently 33 operating nuclear units 
in PJM, if the process was implemented on all stations it could result in an additional power 
capacity of 3,960 MW.  
As of 2013, nearly 4,500 MW of combined-cycle gas plants had committed to 
construction and operation (Spees & Pfeifenberger, 2013). This will be the main competitor in 
the market. An analysis of the competitiveness of this project and a combined-cycle gas turbine, 
as well as that of other electricity generation technologies is best pursued using the concept of a 
levelized cost of electricity. This cost is defined by the EIA as “the per-kilowatt-hour cost (in 
real dollars) of building and operating a generating plant over an assumed financial life and duty 
cycle” (“Levelized Cost,” 2015). Because our process and those we will be comparing it with are 
 15 
on a utility-scale, the levelized cost was adjusted here to a per-megawatt-hour cost in 
calculations. 
Based on this metric, our helium process easily outcompetes coal-fired generation as well 
as wind and hydroelectric, according to average EIA numbers provided in the Annual Energy 
Outlook 2015 report (“Levelized Cost,” 2015). It is important to note that specific levelized costs 
will vary with each individual project and are not set for a given source of generation, and that 
for fuel-based generation such as natural gas combined-cycle turbines, the levelized cost is 
highly sensitive to the price of fuel. Consistently lower natural gas prices since the EIA Report 
data was gathered, and the natural gas glut in the Northeastern region due to hydraulic fracturing 
of shale in Pennsylvania leads to the belief that combined cycle gas levelized costs are likely 
much more competitive with this process than the EIA report suggests. Additionally, the EIA 
assumes an additional discount rate in its calculations for all CO2 emitting power sources under 
the assumption a stricter regulatory framework will eventually be put in place—a further case for 
reducing the reported cost of natural gas generation in this comparison.  
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Figure 7.1: Per Megawatt-Hour Cost of Electricity for Various Generating Plants. Values presented are averages 
compiled throughout the United States and do not indicate the economics of any specific power plant (Conti et al., 
2015).  
4. Preliminary Process Synthesis 
 The goal of this project is to design a modular addition to a power plant that generates 
120 MW of electricity in the most economically efficient way. There were two working fluids 
that were examined that are well suited for high temperature processes. The first of these is 
helium, which is a small molecule that leaks out of the system and typically requires special 
equipment. The limitations of using helium motivate us to replace the secondary circuit with 
supercritical carbon dioxide (s-CO2). Figure 4.1 outlines the decision making process that was 
taken in order to determine the best possible process using the most effective working fluid. All 
of the alternatives are discussed in the sections below.  
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Figure 4.1. Preliminary Process Synthesis. The decision making map that was used to document all of the alternative 
process designs that were considered while solving the design problem. 
 
4.1 Helium Circuit with Single Turbine-Compressor Stage 
The first iteration of the power plant using helium as the working fluid followed a 
simplified version of the MIT Pebble-Bed Nuclear Reactor Power Cycle. The recommended 
850,000 lb/hr flow rate is used in this flow diagram. However, only 26.7 MW of power is 
generated, which falls short of the 120 MW goal. The result is expected, because the original 
Pebble-Bed Power Cycle was simplified for the purpose of studying the contribution and 
specifications of each piece of equipment. Figure 4.2, below, shows the first step of the process 
design, which uses one turbine-compressor stage and follows the flow and pressure 
specifications of the original Pebble-Bed Power Cycle design. 
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Figure 4.2. Simplified Pebble-Bed Power Cycle. This process uses helium in a single turbine-compressor stage. 
 
4.2 Helium Circuit with Three Turbines, Four Compressors  
 The previous process design, Figure 4.2, was used as a starting point for the next attempt. 
Two more turbines and three more compressors were added in Figure 4.3, which is the helium 
circuit design that generates the required amount of power, 120 MW. In this design, the helium 
flows through three turbines, which power four compressors and generate a net of 120 MW of 
power. In the original Pebble-Bed Power Cycle design, each of the first two turbines powered 
two combined shaft compressor pairs and the last turbine acted as a generator, producing 120 
MW of power. However, it was more efficient to have free-standing compressors due to their 
low pressure ratios and the high cost of such large combined shaft compressors. This helium 
circuit competes with the best iteration of the s-CO2 circuit. Refer to the Profitability Analysis  in 
section 15 for more information on how it was selected to be the best overall design.  
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4.3 S-CO2 Circuit using 850,000 lb/hr Flow Rate 
This process flow diagram takes the same equipment from the Pebble-Bed Power Cycle 
and the flow rate used for the helium process, shown in Figure 4.3, and changes the working 
fluid to s-CO2. Several key pressure and temperature changes were also necessary since the 
properties of the working fluid are now changed. This design does not produce nearly as much 
power as the helium did. This process design, shown in Figure 4.4, will act as a starting point for 
Figure 4.3. Final Process Design. Produces 120 MW of electricity. Details on profitability, especially as compared to 
the best design using s-CO2 are discussed in later sections. 
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the iterations using s-CO2 as the working fluid in the secondary circuit. Note that the working 
fluid in the primary loop, “HOT1”, is still helium. 
 
Figure 4.4. S-CO2. Process Design using Three Turbines, Four Compressors. This process generates net power in the 
generator (third turbine, T3). The flow rate used for this iteration was 850,000 lb/hr. 
 
4.4 S-CO2 Circuit 4.4 million lb/hr Flow Rate 
 Since the design discussed above did not generate nearly enough power, the flow rate of 
the working fluid was increased about five times. Although at a flow rate of 4.4 million lb/hr 
slightly more power was produced, it still did not reach the 120 MW goal, so this entire design 
was abandoned.  
4.5 S-CO2 Supercritical Brayton Cycle 
Finally, the s-CO2. circuit was built using a modified Brayton Power Cycle for 
supercritical CO2.. The Brayton cycle, as developed by the Sandia National Laboratories did not 
produce enough power, so the primary loop was traced through two more heat exchangers, using 
more residual heat to heat up two more streams before they entered turbines (Wright et al., 
2010). This modification, shown in Figure 4.5, was able to generate enough power, making this 
process design a viable competitor to the helium process shown in Figure 4.3. The flow rate of 
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this process, however, is 9.5 million lb/hr, which is about 10 times the flow rate in the best 
helium cycle. This seems unintuitive, since the reason for switching to the s-CO2 process is so 
that a more dense fluid could be used to minimize the equipment size necessary, prevent leaks in 
the system, and avoid the high costs of helium. However, the more dense and high pressure a 
fluid is, the harder it is to expand it through a turbine, thereby producing less power. Since s-CO2 
did not produce enough power through the turbines at 850,000 lb/hr, it was necessary to increase 
the flow rate. Unfortunately, higher flowrates end up offsetting the extra power produced 
because the equipment sizes get extremely large. Therefore, even though s-CO2. is more dense 
than helium, the large flow rate required to get the same power output is too large to justify the 
high capital expenditure, making this option not economically viable. Refer to the Profitability 
Analysis in Section 15.1.2 for a detailed economic justification of the final process design, where 
the economic pitfalls of the s-CO2 Supercritical Brayton Cycle will also be more evident.  
 22 
 
 
Figure 4.5. S-CO2 Circuit Based on Supercritical Brayton Cycle. The Brayton cycle here has been slightly modified. 
Also, helium is still being used in the primary loop. 
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5. Assembly of Database 
5.1 Property Methods 
 In this project, the Peng-Robinson (PR) property method was used during the helium 
process, while the Lee-Kesler Plӧcker (LK PLOCK) property method was used for the 
supercritical carbon dioxide process in Aspen 8.8. The Peng-Robinson property method was 
selected for the helium process because of its ability to accurately represent a large range of 
gases including helium, and it was also the recommended property method by multiple industrial 
consultants. The Lee-Kesler Plӧcker property method was selected for the s-CO2 process because 
of its accuracy in representing non-polar substances, especially in the supercritical region, and it 
is often used in simulations for s-CO2 Brayton cycles (“Development of a Supercritical,” 2004).  
5.2 Toxicity 
 Helium is a nontoxic asphixiant, while sCO2 is a toxic asphixiant that must be monitored 
very closely (Appendix C.2). The Occupational Safety and Health Administration (OSHA) 
recommends a CO2 concentration limit of 0.5% by volume for an 8-hour workday. All toxicity 
levels are stated on a by volume basis in this report. The American Conference of Governmental 
Industrial Hygienists (ACGIH) also recommends an additional ceiling exposure limit of 3%, and 
an immediately dangerous to life and health limit of 4%. A concentration of 9% CO2 over a 
period of 5 minutes can prove to be fatal (“Appendix C,” 2006). The safety protocol and alarm 
techniques used to ensure low levels of helium and CO2 in the work area is covered in the Safety 
and Health Concerns in section 14.1.  
5.3 Materials Pricing 
 The pricing of the materials is one of the main factors inspiring the attempted switch 
from using helium as the working fluid in the process to using supercritical carbon dioxide. 
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Helium is a relatively rare element on Earth, and is only found naturally in dilute quantities, at a 
maximum purity of about 7% (Tilghman, 2011). Carbon dioxide, however, is a waste product in 
most power generation facilities, and can be found in concentrations above 99% by weight in 
separated combustion flue gas streams (Last & Schmick, 2011). Thus, helium is relatively 
difficult to obtain and expensive, while carbon dioxide is quite cheap and abundant.  
Helium costs around $200 per thousand cubic feet at our operating temperature and 
pressure (Hamak, 2016), and with an operating volume in the helium system of about 11.1 
million cubic feet, that gives us a helium cost of around $2.2 million. Prices for bulk carbon 
dioxide are incredibly difficult to find, since although there is a lot of it available, hardly anyone 
is interested in buying it. However, in small bulk quantities the cost is around three cents per 
cubic foot (“Price List,” 2013), which when combined with the s-CO2 process operating volume 
of 626 thousand cubic feet yields a carbon dioxide cost of only $18.8 thousand. We also need to 
factor in about another 10% volume for small system losses throughout the operating year, as 
recommended by the consultants.  
Both of these costs can be regarded as negligible given the costs of our processes. Also, 
since our s-CO2 process is already financially infeasible, the exact price of the carbon dioxide is 
not important.  
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6. Process Flow Diagram and Material Balances 
 
6.1 Helium Process Flow Diagram 
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6.2 Helium Material Balance 
 
 
  
Stream Number P-1 P-2 S-1 S-2 S-3 S-4 S-5 S-6 
Temperature (°F) 1652.0 948.6 1503.8 1334.8 1165.5 770.0 361.2 86.0 
Pressure (psi) 1121.1 110.1 1145.8 890.9 675.3 306.8 306.8 393.1 
Mass Flow (lb/s) 279.3 279.3 235.9 235.9 235.9 235.9 235.9 235.9 
Volume Flow (ft3/s) 1425.7 9593.9 1096.6 1286.5 1534.7 2546.8 1703.9 889.5 
Density (lb/ft3) 0.196 0.029 0.215 0.183 0.154 0.093 0.138 0.265 
         
Stream Number S-7 S-8 S-9 S-10 S-11 S-12 S-13 S-14 
Temperature (°F) 169.7 122.0 205.5 157.5 240.7 157.5 253.7 662.0 
Pressure (psi) 506.7 514.9 653.4 677.3 847.6 886.2 114.8 1145.8 
Mass Flow (lb/s) 235.9 235.9 235.9 235.9 235.9 235.9 235.9 235.9 
Volume Flow (ft3/s) 797.3 726.1 655.7 588.0 534.6 452.3 405.8 631.6 
Density (lb/ft3) 0.296 0.325 0.360 0.401 0.441 0.522 0.581 0.374 
 28 
6.3 S-CO2 Process Flow Diagram 
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6.4 S-CO2 Material Balance 
 
Stream Number P-1 P-2 P-3 P-4 S-1 S-2 S-3 S-4 
Temperature (°F) 1652.0 1338.6 1293.5 1139.0 1310.0 1197.1 1220.0 1133.5 
Pressure (psi) 1121.1 1121.1 1121.1 1121.1 1160.3 797.7 797.7 592.0 
Mass Flow (lb/s) 1322.8 1322.8 1322.8 1322.8 2645.6 2645.6 2645.6 2645.6 
Volume Flow (ft3/s) 621.0 528.2 514.7 468.4 1005.0 1357.8 1376.9 1751.9 
Density (lb/ft3) 2.13 2.50 2.57 2.82 2.63 1.95 1.92 1.51 
         
Stream Number S-5 S-6 S-7 S-8 S-9 S-10 S-11  
Temperature (°F) 1211.8 191.2 82.4 139.4 131.4 176.3 1148.7  
Pressure (psi) 592.0 592.0 592.0 870.2 870.2 1160.3 1160.3  
Mass Flow (lb/s) 2645.6 2645.6 2645.6 2645.6 2645.6 2645.6 2645.6  
Volume Flow (ft3/s) 1839.3 631.4 449.7 337.4 325.9 264.2 911.5  
Density (lb/ft3) 1.44 4.19 5.88 7.84 8.12 10.01 2.90  
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7. Process Description 
7.1 Helium Process 
The helium process produces 120 MW of electricity by taking residual heat from a 
primary helium stream in a nuclear reactor and transferring it to a secondary expansion and 
compression loop also composed of helium. This initial heat transfer between the primary loop 
P-1 and the secondary loop S-1 occurs at HX-1 in Figure 4.3 on page 15. The reader will find 
reference to this flowsheet helpful throughout the description of this process. P-1 comes out of 
HX-1 (page 53) as P-2 and is recycled through the reactor, though the process by which the 
primary loop is heated and cool in the nuclear reactor core is outside the scope of this project.  
The prime area of concern for this process is the secondary helium loop and its expansion 
and compression. Stream S-1 has a mass flow rate of 850,000 lb/hr helium and receives 
approximately 2.6x109 Joules of residual heat from P-1. Exiting HX-1, S-1 is at a temperature of 
1504 °F and pressure of 1146 psi. It then enters turbine T-1 (page 63) for the first stage 
expansion. T-1 expands the helium, with an accompanying pressure drop to 885 psi and a 
temperature drop to 1335 °F. This first-stage expansion produces 52.8 MW of power. 
After exiting T-1, S-2 enters the second turbine, T-2 (page 64). T-2 also produces 52.8 
MW of power and the helium exits this process unit at 682 psi and 1166 °F. T-1 and T-2 
generate specified amounts of power which correspond with the power inputs required for the 
compressors to be discussed momentarily. Finally, the helium stream enters T-3 (page 65) and is 
once again expanded to produce 123 MW of power. The stream then exits this turbine at a 
temperature of 770 °F and a pressure of 305 psi. Each of the turbines in the expansion step was 
assumed to have an efficiency of 90%, as suggested by industrial consultants. 
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S-4 then enters HX-2 (page 54), the recuperator. The recuperator is composed of five 
identical shell-and-tube heat exchangers in parallel. The details of these exchangers can be found 
in the Equipment List and Unit Descriptions in section 9.  
Stream S-4 transfers 2.71x109 joules to the cold stream and exits HX-2 as S-5, with a 
temperature of 361 °F and a pressure of 305 psi. 
The stream S-5 then enters HX-3 (page 55), which is a further shell-and-tube heat 
exchanger with utility cooling water flowing through it. The helium stream exits this heat 
exchanger at 86 °F. This additional cooling was included to reduce the power requirements of the 
coming compression to reasonable amounts. 
Now the helium enters compressor C-1 (page 59), before interacting with the intercooler 
HX-4 (page 56) and passing through compressor C-2 (page 60). This compressions results in a 
pressure increase to 653 psi, while the temperature is increased to 205 °F before being cooled 
again at HX-5 (page 57) to 158 °F. C-1 and C-2 each require 26.1 MW of power to achieve the 
desired compression. 
The helium stream then enters C-3 (page 61) for another compression stage, is cooled at 
HX-6 (page 58) and enters the final compressor C-4 (page 63). C-3 requires an additional 26.1 
MW of power to achieve its compression while C-4 requires 30 MW of power. Having reached a 
temperature of 253 °F and a pressure of 1146 psi, stream S-13 re-enters HX-2 as a cold stream to 
be heated by S-4. The helium stream S-14 exits HX-2 at a temperature of 662 °F and a pressure 
of 1146 psi, which is a sufficient condition to close the loop and send it back to HX-1 for heat 
transfer from the primary loop P-1. This loop, having achieved the 120 MW target, continues to 
cycle through for continuous operation and production of electricity.  
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The selection of a three turbine, four compressor model with intercoolers was based on 
the MIT design given in the original problem statement (Kadak, 2005). Earlier designs included 
fewer compressors which, due to the inability to cool the process streams between compressions 
and the need to achieve greater compression ratios, produced less net power generation and was 
thus less profitable. All intercoolers throughout this process use simple cooling water.  
7.2 S-CO2 Process 
The s-CO2 process will produce 118.7 MW of net power from the residual heat of the 
nuclear reactor. As with the helium process, consideration of the primary helium loop is beyond 
the scope of this project though in this design residual heat is extracted in three stages from this 
primary stream before it loops back to the nuclear reactor. The process flowsheet can be viewed 
in Figure 4.5 on page 22 and will be helpful in reading this process description. 
The s-CO2 stream S-1, which has a mass flow rate of 9.5 million lb/hr CO2, exits HX-1 
(page 66) at a temperature of 1310 °F and a pressure of 1160 psi. It then enters T-1 (page 74) 
where it is expanded to produce 91.4 MW of power. This expansion brings the s-CO2 down to a 
temperature of 1197 °F and 798 psi as S-2. S-2 then enters HX-2 (page 67), which is a second 
shell-and-tube heat exchanger and receives a further heat transfer from the primary helium loop 
stream (now at 1339 °F and 1117 psi). The s-CO2 stream leaves HX-2 as S-3 at a temperature of 
1220 °F and 798 psi and then enters T-2 (page 75). T-2 expands the s-CO2 to generate an 
additional 69 MW of power, bringing the secondary loop conditions to 1134 °F and 595 psi.  
After leaving T-2, the stream S-4 enters HX-3 (page 68) to receive the final heat transfer 
from the primary helium loop and reaches a temperature of 1211 °F and pressure of 595 psi. The 
stream then enters HX-4 (page 69), a recuperator shell-and-tube heat exchanger network of five-
by-five heat exchangers in series and parallel. The necessity of this heat exchanger network 
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significantly increases the overall cost of the project as discussed in the Profitability Analysis 
section. 
The stream exits the recuperator as stream S-6 and enters HX-5 (page 70) for further 
cooling before compression. Again, this cooling is done to reduce the overall duty required in 
compression, just as in the helium process. 
HX-5 cools S-6 and the stream exits as S-7 at 82 °F and 595 psi before entering C-1 
(page 72). C-1 increases the pressure to 870 psi while also raising the temperature to 140 °F. 
This compression requires 23.3 MW of power. 
Leaving the compressor and intercooler, the s-CO2 stream S-8 enters an intercooler HX-6 
(page 71) where it is cooled to 131 °F before again being compressed in C-2 (page 73) to a 
pressure of 1160 psi and temperature of 176 °F. This compression requires 18.4 MW of power. 
The stream exits the compressor then enters the recuperator as the cold stream S-10 and is heated 
by the previously mentioned stream S-4 to a temperature of 1148 °F. This stream S-11 is then 
recycled back to HX-1 to be heated by the primary helium loop. 
As noted earlier, the primary loop interacts with the secondary loop on three occasions in 
this process, at HX-1, HX-2, and HX-3. This was found to be the most efficient way to extract 
the residual heat from the stream for s-CO2, whose heat transfer properties are far less favorable 
than those of helium. The choice to use a three-stage heating by the primary loop was motivated 
because of the size constraints on what would have needed to be an impossibly large heat 
exchanger for a single-stage heating of the secondary loop such as the one performed in the 
helium process described above.  
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8. Energy Balance and Utility Requirements 
8.1 Helium Process 
 The energy balances of the helium and the s-CO2 process start with free residual heat 
from the nuclear reactor in stream P-1 in the helium and s-CO2 processes, respectively. From 
here, both processes heat a secondary circuit that runs through a series of compressors, turbines 
and intercoolers to generate 120 MW power.  
 In the helium loop, the biggest utility requirement is that of the four intercoolers. These 
coolers are placed between each compressor to reduce the power consumed by the compressors. 
The intercoolers use cooling water that is recycled throughout the plant and comes into the 
process at 80.6 °F. The cooling water is cooled in a cooling tower that is already attached and 
used by the nuclear reactor. This cooling water costs .01 cents/gallon and about 11.9 million 
lb/hr of water is used for each intercooler (Seider et al., 2009). This is true for the s-CO2 process 
as well. The overall energy use and utility costs of the intercoolers are summarized in Table 8.1. 
The energy balances for the heat exchangers in the process are also found there in the first two 
lines of the table. 
Table 8.1. Heat Exchanger Energy Balance and Utility Requirements for the Helium Process. 
Demand Satisfaction Energy Transferred 
(MWh) 
Cost/MWh 
($) 
Stream S-14 is heated from 
662 °F to 1504 °F 
Stream P-1 is cooled from 1652 
°F to 948 °F 
260.033 -- 
Stream S-4 is cooled from 
770 °F to 361 °F 
Stream S-13 is heated from 253 
°F to 662 °F 
126.225 -- 
Stream S-5 is cooled from 
361 °F to 86 °F 
Cooling water is heated from 81 
°F to 86 °F 
84.856 
 
$19.32 
Stream S-7 is cooled from 
1211 °F to 190 °F 
Cooling water is heated from 81 
°F to 104 °F 
14.7296 $19.32 
Stream S-9 is cooled from 
205 °F to 158 °F 
Cooling water is heated from 81 
°F to 86 °F 
 14.808 $19.32 
Stream S-11 is cooled from 
241 °F to 158 °F 
Cooling water is heated from 81 
°F to 88 °F 
25.669 $19.32 
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The turbine, compressor, and generator energy balances are summarized in Table 8.2. 
The first two turbines, T-1 and T-2 generate enough energy to power the four compressors, 
which each take 26.1 MW. The last turbine, which is effectively a generator, generates an excess 
of 120 MW of energy, which is the ultimate goal of our process design. This excess energy, 
which is noted at the bottom of Table 8.2 as the total power generated, is what is being sold at 
the end of the day.  
 Note that the pressures between each stage of compression vary by about 15 to 30 psi 
because the stream is slightly expanded through each intercooler before it enters the compressor. 
 
Table 8.1. Turbine and Compressor Power Requirements for the Helium Process. 
Demand Satisfaction Power Generated/ 
Consumed (MW) 
Turbine T-1 generates power Stream S-1 is expanded from 1146 
psi to 885 psi 
52.8 
Turbine T-2 generates power Stream S-2 is expanded from 885 psi 
to 682 psi 
52.8 
Turbine T-3 generates power Stream S-3 is expanded from 682 psi 
to 305 psi 
123 
Stream S-6 is compressed 
from 392 psi to 508 psi 
Compressor C-1 consumes power -26.1 
Stream S-8 is compressed 
from 522 psi to 653 psi 
Compressor C-2 consumes power -26.1 
Stream S-10 is compressed 
from 682 psi to 841 psi 
Compressor C-3 consumes power -26.1 
Stream S-12 is compressed 
from 885 psi to 1146 psi 
Compressor C-4 consumes power -30.3 
TOTAL Power Generated 120 
 
8.2 S-CO2 process 
The s-CO2 process is similar to the helium one in terms of utility requirements. However, 
this process only uses two intercoolers during the compression stages. Both coolers use 11.9 
million lb/hr of water, just as in the helium process. On the other hand, the s-CO2 process uses 
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four heat exchangers. In this process, heat is transferred from the primary to the secondary loop 
in steps, between each expansion, requiring two extra heat exchangers. The heat exchanger 
energy balances as well as the overall cost and energy requirements of the utilities are shown in 
Table 8.3. 
 
Table 8.2. Heat Exchanger Energy Balance and Utility Requirements for the s-CO2 Process. 
Demand Satisfaction Energy Transferred 
(MWh) 
Cost/MWh ($) 
Stream S-11 is heated 
from 1148 °F to 1310 °F 
Stream P-1 is cooled 
from 1652 °F to 1339 °F 
132.419 -- 
Stream S-2 is heated 
from 1197 °F to 1220 °F 
Stream P-2 is cooled 
from 1339 °F to 1294 °F 
18.6816 -- 
Stream S-4 is heated 
from 1134 °F to 1211 °F 
Stream P-3 is cooled 
from 1294 °F to 1139 °F 
63.2895 -- 
Stream S-5 is cooled 
from 1211 °F to 190 °F 
Stream S-10 is heated 
from 176 °F to 1148 °F 
768.994 -- 
Stream S-8 is cooled 
from 140 °F to 131 °F 
Process is heated from 
81 °F to 82 °F 
7.93241 $19.32 
Stream S-6 is cooled 
from 190 °F to 82 °F 
Cooling water is heated 
from 81 °F to 100 °F 
87.8065 $19.32 
  
 The power consumption and generation from the turbines and compressors is 
summarized in Table 8.4. The first turbine, T-1, is responsible for powering both compressors as 
well as generating about 50 MW. The second turbine is effectively a generator and harvests 69 
MW, bringing the power generated in the whole cycle to about 118.6 MW. Although the turbine-
compressor system is different than in the helium process, the energy balance works out to be 
essentially the same. 
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Table 8.3. Turbine and Compressor Power Requirements for the s-CO2 Process. 
Demand Satisfaction Power Generated/ 
Consumed (MW) 
Turbine T-1 generates 
power 
Stream S-1 is expanded from 1160 
psi to 798 psi 
91.363 
Turbine T-2 generates 
power 
Stream S-3 is expanded from 798 
psi to 595 psi 
69.050 
Stream S-9 is compressed 
from 870 psi to 1160 psi 
Compressor C-1 consumes power -18.398 
Stream S-7 is compressed 
from 595 psi to 870 psi 
Compressor C-2 consumes power -23.364 
TOTAL Power Generated 118.651 
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9. Equipment List and Unit Descriptions 
9.1 Heat Exchangers  
 The heat exchangers were all designed as shell-and-tube units with the ASPEN 
Exchanger Design & Rating program, using data from the ASPEN simulations of the processes. 
Both the helium and carbon dioxide cycles have extremely high flow rates and temperature and 
pressure conditions, making the design of these exchangers especially difficult. Constraints were 
made on the program to limit the number of units in series, as this would complicate the design 
and increase the price. However, due to the aforementioned high flow rates, temperatures, and 
pressures, each of the exchanger designs needed to have multiple units in parallel. The 
exchangers had extremely large areas and high prices, compared to average heat exchangers for 
such processes, to accommodate for the design conditions. The descriptions of each heat 
exchanger for each process are detailed in the following pages.  
9.2 Compressors 
 The compressors are all centrifugal-style, with carbon steel as the material of 
construction. The temperatures and pressures were low enough that carbon steel can be used. 
Carbon steel is ideal because it is the cheapest available material that can be used with these 
design conditions. All of the compressors have an electricity utility requirement, which is 
satisfied by two of the turbines, T-1 and T-2. The design data shown in the following tables is 
taken from the ASPEN simulation output of the process with helium as the working fluid. The 
efficiency of all the compressors was set to be 70%. The unit descriptions of the compressors for 
both processes are detailed in the following pages. 
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9.3 Turbines 
 The turbines generate electricity, with T-1 and T-2 being the two turbines that directly 
drive compressors, called companders. T-1 directly drives C-1 and C-2, while T-2 directly drives 
C-3 and C-4. T-3 is the generator-loaded turbine that produces the electrical power output for the 
cycle. Each of the turbines in this process uses the material Stainless Steel 310S. SS 310S is used 
because it is the cheapest known type of stainless steel that will withstand the high temperatures 
and pressures in this design. All the turbines were designed with an efficiency of 90%. The data 
in the following tables was taken from the ASPEN simulation output of the cycle, except the 
total purchase cost. The total purchase cost was calculated using the equations in the textbook, 
and a sample calculation is shown in Appendix B.4.  
9.4 Helium Process 
9.4.1 Heat Exchangers 
 Since bare module factor is based on the type of equipment, the bare module factor for all 
of the heat exchangers is 3.17 (Seider, et al., 2009). The overall summary as given by ASPEN is 
in Appendix B.5 of this report.  
HX-1 
HX-1 is also known as the internal heat exchanger for the helium process. It cools the hot 
stream coming from the reactor from 1652 °F to 949 °F in order to provide heat for the feed to 
the power generating loop, increasing the temperature of this stream from 662 °F to 1472 °F. The 
flow rates of helium on the tube side (hot side) and shell side (cold side) are 1 million lb/h and 
850,000 lb/h, respectively. The exchanger was designed as a shell and tube with those inputs in 
the ASPEN Exchanger Design and Rating Program. Stainless Steel 310S was the chosen material 
of construction because it is the cheapest material programmed into ASPEN that can handle 
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these high temperatures. The results of the program showed that this exchanger would have 1 
unit in series and 4 in parallel. The total surface area would be 38,920 ft2, with a heat transfer 
coefficient of 110 BTU/h-ft2-°F, and a heat duty of 8.709x108 BTU/h. The purchase cost, given 
in the ASPEN output, was $4,296,000. The total installed cost was calculated to be $13,620,000 
(Seider, et al., 2009).  
Initially, this exchanger was modeled using Hastelloy C, an expensive metal, making its 
cost in the hundred million dollar range. After consulting with engineers in the field who 
expertise in modeling heat exchangers at these temperatures, it was concluded that Stainless 
Steel 310S could be used, reducing the price significantly. The number of units in series was 
limited to 1 using a design constraint, which simplified the design and reduced the price even 
more. Another decision that was made was dealing with the TEMA (Tubular Exchanger 
Manufacturer’s Association) type. The BEM type was chosen due to its low cost per square foot 
of heat transfer area and because it provides the maximum amount of surface area for a given 
shell tube diameter and length. After trying other types, this one seemed to be the best option, as 
expected.  
HX-2 
 The second heat exchanger is known in the helium process as a recuperator. It cools the 
stream coming from the generator-loaded turbine from 410 °F to 183 °F to reheat the stream that 
is sent back to HX-1 from 123 °F to 350 °F. The flow rate on both the tube and shell side is 
849,200 lb/h. These were the inputs on the exchanger design program. HX-2 was also a shell and 
tube exchanger, as well as the same TEMA type. With the lower temperatures, a cheaper 
material of construction, Stainless Steel 304, could be used. The number of units in series was 1 
and the number of units in parallel was 5. The total surface area was calculated to be 147,400 ft2, 
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the heat transfer coefficient was 30.54 BTU/h-ft2-°F, and the heat duty was 2.406x108 BTU/h. 
The purchase cost was $4,112,000, and the installed cost was found to be $13,030,000.  
HX-3 
 HX-3 is the shell and tube intercooler that cools the stream from the recuperator going 
into the first compressor, C-1, with cooling water. The stream from the recuperator, S-5, has a 
flow rate of 849,200 lb/h through the tube side (hot side), and it is cooled from 183 °F to 30 °F. 
The cooling water has a flow rate of 6,455,000 lb/h through the shell side (cold side), and the 
temperature increases from 68 °F to 113 °F. This shell and tube intercooler also has a BEM 
TEMA type. Carbon steel was used as the material of construction because it was the cheapest 
material of construction for heat exchangers; the temperatures here were low enough that carbon 
steel could be used. The number of units in series was 1 and there were 5 units in parallel. The 
total surface area is 18,020 ft2, the heat transfer coefficient was 262.3 BTU/h-ft2-°F, and the heat 
duty was 2.895x108 BTU/h. The purchase cost was found to be $518,700, and the installed cost 
was calculated to be $1,644,000.  
HX-4 
 HX-4 is another shell and tube intercooler that cools the stream from the first compressor, 
C-1, going into the second compressor, C-2, with cooling water. The tube side flow is the 
helium, which cools from 76 °F to 50 °F, and has a flow rate of 849,200 lb/h. The shell side flow 
is the cooling water, with a flow rate of 5,599,000 lb/h, and the temperature increases from 68 °F 
to 77 °F. This intercooler also has the BEM model, with 1 unit in series and 9 units in parallel. 
The material of construction was selected to be carbon steel, for the same reasons listed for HX-
3. The total surface area was 6575 ft2, the heat transfer coefficient was 262.3 BTU/h-ft2-°F, and 
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the heat duty was 5.026x108 BTU/h. The purchase cost was $323,700, and the installed cost was 
$1,644,000.  
HX-5 
 The fifth heat exchanger cools the stream from the second compressor, C-2, going into 
the third compressor, C-3, also with cooling water. This stream flows through the tube side at 
849,200 lb/h, and is cooled from 204.8 °F to 158 °F. The cooling water flows through the shell 
side with a flow rate of 5,629,000 lb/h, and is heated from 68 °F to 77 °F. This is a shell and tube 
intercooler with the BEM type and is to be constructed with carbon steel. It has 1 unit in series 
and 10 units in parallel. The total surface area is 5502 ft2, the heat transfer coefficient is 286.8 
BTU/h-ft2-°F, and a heat duty of 5.019x107 BTU/h. The purchase cost was $312,100, and the 
installed cost was $989,200.  
HX-6 
 The sixth heat exchanger cools the stream from the third compressor, C-3, going into the 
fourth compressor, C-4. The tube side flow consists of helium, has a flow rate of 849,200 lb/h, 
and is cooled from 240.8 °F to 158 °F. The shell side flow is cooling water at a rate of 4,880,000 
lb/h that is heated from 68 °F to 86 °F. HX-6 is a shell and tube intercooler with 1 unit in series 
and 8 in parallel. The total surface area is 73,850 ft2, with a heat transfer coefficient of 55.65 
BTU/h-ft2-°F and a heat duty of 8.786x107 BTU/h. The material of construction was carbon 
steel. The purchase cost was $1,634,000, and the installed cost was calculated to be $5,181,000.  
9.4.2 Compressors 
C-1 
The function of the first compressor was to increase the pressure of stream S-6 to yield 
stream S-7 going into the second compressor. C-1 was designed as a centrifugal compressor with 
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an electric motor and carbon steel as the material of construction. Carbon steel was used because 
it was the cheapest available material for such a process, and since helium is the working fluid, 
there is no possibility of rusting occurring. The pressure increased from 393 psi to 515 psi, and 
the temperature increased from 86 °F to 179 °F. The flow rate through this compressor was 
849,200 lb/h, and the driver power was 35,000 hp. The utility requirement is 26.1 MW, and the 
total installed cost was found to be $16,890,000. The cost numbers were retrieved from the 
ASPEN simulation using the ASPEN Process Economic Analyzer (APEA).  
C-2 
The function of the second compressor was to increase the pressure of stream S-8 to yield 
stream S-9 going into the second compressor. C-2 was designed as a centrifugal compressor with 
an electric motor and carbon steel as the material of construction. Carbon steel was used because 
it was the cheapest available material for such a process, and since helium is the working fluid, 
there is no possibility of rusting occurring. The pressure increased from 515 psi to 654 psi, and 
the temperature increased from 122 °F to 206 °F. The flow rate through this compressor was 
849,200 lb/h, and the driver power was 35,000 hp. The utility requirement is 26.1 MW, and the 
total installed cost was found to be $14,570,000. The cost numbers were retrieved from the 
ASPEN simulation using the APEA.  
C-3 
The function of the third compressor was to increase the pressure of stream S-10 to yield 
stream S-11 going into the fourth compressor. C-3 was designed as a centrifugal compressor 
with an electric motor and carbon steel as the material of construction. Carbon steel was used 
because it was the cheapest available material for such a process, and since helium is the 
working fluid, there is no possibility of rusting occurring. The pressure increased from 677 psi to 
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847 psi, and the temperature increased from 157 °F to 241 °F. The flow rate through this 
compressor was 849,200 lb/h, and the driver power was 35,000 hp. The utility requirement is 
26.1 MW, and the total installed cost was found to be $11,340,000. The cost numbers were 
retrieved from the ASPEN simulation using the APEA.  
C-4 
The function of the fourth compressor was to increase the pressure of stream S-12 to 
yield stream S-13 going into the recuperator, HX-2. C-4 was designed as a centrifugal 
compressor with an electric motor and carbon steel as the material of construction. Carbon steel 
was used because it was the cheapest available material for such a process, and since helium is 
the working fluid, there is no possibility of rusting occurring. The pressure increased from 886 
psi to 1146 psi, and the temperature increased from 157 °F to 254 °F. The flow rate through this 
compressor was 850,000 lb/h, and the driver power was 35,000 hp. The utility requirement is 
26.1 MW, and the total installed cost was found to be $11,100,000. The cost numbers were 
retrieved from the ASPEN simulation using the APEA.  
9.4.3 Turbines 
The Sample Calculations for the design and costing of the turbines are shown in 
Appendix B.4. 
T-1 
The function of this turbine is to generate electricity for compressors C-1 and C-2. The 
material used was Stainless Steel 310S, for the same reasons some heat exchangers were 
designed using this material. SS 310S is the cheapest material that can withstand these 
temperatures and pressures. The helium flowed through at a rate of 849,200 lb/h. The stream 
expands from 1146 psi to 890 psi, and the temperature correspondingly cools from 1504 °F to 
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1335 °F. The driver power was 70,810 hp. The total cost was calculated to be $19,320,000 
(Seider, et al., 2009).  
T-2 
The function of this turbine is to generate electricity for compressors C-3 and C-4. The 
material used was Stainless Steel 310S, for the same reasons some heat exchangers were 
designed using this material. SS 310S is the cheapest material that can withstand these 
temperatures and pressures. The helium flowed through at a rate of 849,200 lb/h. The stream 
expands from 890 psi to 676 psi, and the temperature correspondingly cools from 1335 °F to 
1166 °F. The driver power was 70,810 hp. The total cost was calculated to be $19,320,000.  
T-3 
T-3 generates electricity as the power output for the process. The material used was 
Stainless Steel 310S, for the same reasons some heat exchangers were designed using this 
material. SS 310S is the cheapest material that can withstand these temperatures and pressures. 
The helium flowed through at a rate of 849,200 lb/h. The stream expands from 676 psi to 307 
psi, and the temperature correspondingly cools from 1166 °F to 770 °F. The driver power was 
164,900 hp. The total cost was calculated to be $38,330,000. 
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9.5.4 Equipment Summary 
Unit Name Unit Type Material of 
Construction 
Size Total 
Installed 
Cost 
HX-1 Shell-and-Tube Heat 
Exchanger 
SS 310S 38,920 ft2 $ 13,620,000 
HX-2 Shell-and-Tube Heat 
Exchanger 
SS 304 147,400 ft2 $ 13,030,000 
HX-3 Shell-and-Tube 
Intercooler 
Carbon Steel 18,020 ft2 $ 1,644,000 
HX-4 Shell-and-Tube 
Intercooler 
Carbon Steel 6,575 ft2 $ 1,026,000 
HX-5 Shell-and-Tube 
Intercooler 
Carbon Steel 5,502 ft2 $ 989,200 
HX-6 Shell-and-Tube 
Intercooler 
Carbon Steel 73,850 ft2 $ 5,180,000 
C-1 Centrifugal 
Compressor 
Carbon Steel 35,000 hp $ 16,890,000 
C-2 Centrifugal 
Compressor 
Carbon Steel 35,000 hp $ 14,570,000 
C-3 Centrifugal 
Compressor 
Carbon Steel 35,000 hp $ 11,340,000 
C-4 Centrifugal 
Compressor 
Carbon Steel 35,000 hp $ 11,100,000 
T-1 Isentropic  
Turbine 
SS 310S 70,810 hp $ 19,320,000 
T-2 Isentropic  
Turbine 
SS 310S 70,810 hp $ 19,320,000 
T-3 Isentropic  
Turbine 
SS 310S 164,900 hp $ 38,330,000 
 
9.5 S-CO2 Process 
9.5.1 Heat Exchangers 
 Since bare module factor is based on the type of equipment, the bare module factor for all 
of the heat exchangers is 3.17 (Seider, et al., 2009). The overall summary as given by ASPEN is 
in Appendix B.5 of this report. Because of the extremely high flow rates, the solutions for the 
heat exchangers on the ASPEN Exchanger Design & Rating Program weren’t converging. 
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Therefore, the flow rates were cut tenfold when designing the heat exchangers, and the values 
given in the output from ASPEN were scaled up accordingly.  
HX-1 
 HX-1 cools the feed of supercritical CO2, P-1, using a different stream of CO2, S-11, 
coming from the fourth heat exchanger, HX-4. The exchanger was designed with a shell and tube 
BEM type, as are all the exchangers in this process, with Stainless Steel 310S as the material of 
construction. The flow rate on the tube side (hot side) was 4,762,000 lb/h and the stream was 
cooled from 1652 °F to 1339 °F. The flow rate on the shell side (cold side) was 9,524,000 lb/h, 
and the stream was heated from 1148 °F to 1310 °F. The number of units in series was 1 and the 
number of units in parallel was 3.  The total surface area given by ASPEN was 13,200 ft2, with a 
heat transfer coefficient of 163.9 BTU/h-ft2-°F and a heat duty of 4.550x108 BTU/h. The 
purchase cost was given to be $3,916,000, and the installed cost was calculated to be 
$12,410,000.  
HX-2 
 This heat exchanger cools the stream coming from HX-1, P-2, with the stream, S-2, 
coming from the first turbine, T-1. HX-2 is a shell and tube exchanger with the BEM type. The 
tube side flow rate was 4,762,000 lb/h and the stream was cooled from 1339 °F to 1294 °F. The 
shell side flow rate was 9,524,000 lb/h, and the stream was heated from 1197 °F to 1220 °F. The 
working fluid was supercritical CO2, and Stainless Steel 304L was used as the material of 
construction. The number of units in series was 1 and the number of units in parallel was 3. The 
total surface area was 6,986 ft2, with a heat transfer coefficient of 133.5 BTU/h-ft2-°F and a heat 
duty of 6.521x107 BTU/h. The purchase cost was given to be $5,044,000, and the installed cost 
was calculated to be $15,990,000. 
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HX-3 
This heat exchanger cools the stream coming from HX-2, P-3, with the stream, S-4, 
coming from the second turbine, T-2. HX-3 is a shell and tube exchanger with the BEM type. 
The tube side flow rate was 4,762,000 lb/h and the stream was cooled from 1294 °F to 1139 °F. 
The shell side flow rate was 9,524,000 lb/h, and the stream was heated from 1134 °F to 1211 °F. 
The working fluid was supercritical CO2, and Stainless Steel 304 was used as the material of 
construction. The number of units in series was 2 and the number of units in parallel was 4. 
Unlike the previously described heat exchangers, it was not possible to design HX-3 with only 
one unit in series. This does complicate the design, but after multiple attempts at varying the 
design constraints, this design proved to be the cheapest. The total surface area was 116,700 ft2, 
with a heat transfer coefficient of 133.5 BTU/h-ft2-°F and a heat duty of 2.181x108 BTU/h. The 
purchase cost was given to be $33,030,000, and the installed cost was calculated to be 
$104,700,000.  
HX-4 
This heat exchanger cools the stream, S-5, with the stream, S-10, coming from the second 
compressor, C-2. HX-4 is a shell and tube exchanger with the BEM type. The tube side flow rate 
was 9,524,000 lb/h and the stream was cooled from 1212 °F to 191.2 °F. The shell side flow rate 
was 9,5424,000 lb/h, and the stream was heated from 176.3 °F to 1149 °F. The working fluid 
was supercritical CO2, and Stainless Steel 304 was used as the material of construction. The 
number of units in series was 5 and the number of units in parallel was 5. Unlike the previously 
described heat exchangers, it was not possible to design HX-4 with only one unit in series. This 
does complicate the design, but after multiple attempts at varying the design constraints, this 
design proved to be the least expensive. However, the price ended up being extremely high. The 
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total surface area was 201,600 ft2, with a heat transfer coefficient of 29.35 BTU/h-ft2-°F and a 
heat duty of 2.650x108 BTU/h. The purchase cost was given to be $250,200,000, and the 
installed cost was calculated to be $793,100,000. This extremely high cost can be attributed to 
the design conditions. 
HX-5 
This heat exchanger cools the stream S-6 using cooling water. HX-5 is a shell and tube 
exchanger with the BEM type. The tube side (CO2) flow rate was 9,524,000 lb/h and the stream 
was cooled from 183.2 °F to 82.4 °F. The shell side (cooling water) flow rate was 1,190,000 lb/h, 
and the stream was heated from 80.6 °F to 98.6 °F. Carbon steel was used as the material of 
construction. The number of units in series was 2 and the number of units in parallel was 1. The 
total surface area was 64,960 ft2, with a heat transfer coefficient of 172 BTU/h-ft2-°F and a heat 
duty of 2.377x107 BTU/h. The purchase cost was given to be $1,889,000, and the installed cost 
was calculated to be $5,987,000.  
HX-6 
This heat exchanger cools the stream S-6 using cooling water. HX-5 is a shell and tube 
exchanger with the BEM type. The tube side (CO2) flow rate was 9,524,000 lb/h and the stream 
was cooled from 140 °F to 131 °F. The shell side (cooling water) flow rate was 1,190,000 lb/h, 
and the stream was heated from 80.6 °F to 82.4 °F. Carbon steel was used as the material of 
construction. The number of units in series was 1 and the number of units in parallel was 1. The 
total surface area was 3,063 ft2, with a heat transfer coefficient of 387.3 BTU/h-ft2-°F and a heat 
duty of 2.355x107 BTU/h. The purchase cost was given to be $474,800, and the installed cost 
was calculated to be $1,505,000.  
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9.5.2 Compressors 
C-1 
The function of the first compressor was to increase the pressure of stream S-7 to yield 
stream S-8 going into the sixth heat exchanger. C-1 was designed as a centrifugal compressor 
with an electric motor and carbon steel as the material of construction. Carbon steel was used 
because it was the cheapest available material for such a process, and since helium is the 
working fluid, there is no possibility of rusting occurring. The pressure increased from 592 psi to 
870 psi, and the temperature increased from 82.4 °F to 139 °F. The flow rate through this 
compressor was 216,400 lb/h, and the driver power was 31,330 hp. The utility requirement is 
23.4 MW, and the total installed cost was found to be $7,451,000. The cost numbers were 
retrieved from the ASPEN simulation using the APEA.  
C-2 
The function of the second compressor was to increase the pressure of stream S-9 to yield 
stream S-10 going into the fourth heat exchanger. C-2 was designed as a centrifugal compressor 
with an electric motor and carbon steel as the material of construction. Carbon steel was used 
because it was the cheapest available material for such a process, and since helium is the 
working fluid, there is no possibility of rusting occurring. The pressure increased from 870 psi to 
1160 psi, and the temperature increased from 131 °F to 176 °F. The flow rate through this 
compressor was 216,400 lb/h, and the driver power was 24,670 hp. The utility requirement is 
18.4 MW, and the total installed cost was found to be $7,578,000. The cost numbers were 
retrieved from the ASPEN simulation using the APEA.  
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9.5.3 Turbines 
The Sample Calculations for the design and costing of the turbines are shown in 
Appendix B.4. 
T-1 
The first turbine works with the second to generate electricity as the power output of the 
process and to provide electricity to the compressors. The material used was Stainless Steel 
310S, for the same reasons some heat exchangers were designed using this material. SS 310S is 
the cheapest material that can withstand these temperatures and pressures. The helium flowed 
through at a rate of 216,400 lb/h. The stream expands from 1160 psi to 798 psi, and the 
temperature correspondingly cools from 1310 °F to 1197 °F. The driver power was 122,500 hp. 
The total cost was calculated to be $30,120,000.  
T-2 
The second turbine works with the first to generate electricity as the power output of the 
process and to provide electricity to the compressors. The material used was Stainless Steel 
310S, for the same reasons some heat exchangers were designed using this material. SS 310S is 
the cheapest material that can withstand these temperatures and pressures. The helium flowed 
through at a rate of 216,400 lb/h. The stream expands from 798 psi to 592 psi, and the 
temperature correspondingly cools from 1220 °F to 1133 °F. The driver power was 92,600 hp. 
The total cost was calculated to be $24,010,000.  
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9.5.4 Equipment Summary 
 
Unit Name Unit Type Material of 
Construction 
Size Total Installed 
Cost 
HX-1 Shell-and-Tube Heat 
Exchanger 
SS 310S 13,200 ft2 $ 12,410,000 
HX-2 Shell-and-Tube Heat 
Exchanger 
SS 304L 6,986 ft2 $ 15,990,000 
HX-3 Shell-and-Tube 
Intercooler 
SS 304 116,700 ft2 $ 33,030,000 
HX-4 Shell-and-Tube 
Intercooler 
Carbon Steel 201,600 ft2 $ 793,200,000 
HX-5 Shell-and-Tube 
Intercooler 
Carbon Steel 64,960 ft2 $ 5,987,000 
HX-6 Shell-and-Tube 
Intercooler 
Carbon Steel 3,063 ft2 $ 1,505,000 
C-1 Centrifugal 
Compressor 
Carbon Steel 31,330 hp $ 7,451,000 
C-2 Centrifugal 
Compressor 
Carbon Steel 24,670 hp $ 7,578,000 
T-1 Isentropic  
Turbine 
SS 310S 122,500 hp $ 30,120,000 
T-2 Isentropic  
Turbine 
SS 310S 92,600 hp $ 24,010,000 
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10. Specification Sheets 
10.1 Helium Process 
10.1.1 Heat Exchangers 
 
HEAT EXCHANGER (Helium Process) 
Identification: HX-1 
Function: 
Cools stream from reactor to heat the feed to the power 
cycle 
Operation: Continuous 
Exchanger Type: Shell and Tube 
TEMA Type: BEM 
Working Fluid: Helium 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
P-1 
P-2 
 
1,006,000 
1652 
949 
 
Shell Side 
 
S-14 
S-1 
 
849,200 
662 
1472 
Design Data: 
Surface Area (ft2) 38,920 
LMTD (°F) 229.3 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
110 
 Heat Duty (BTU/h) 8.709x108 
 Material of Construction Stainless Steel 310S 
 Number of Units in Series 1 
 Number of Units in Parallel 4 
Purchase Cost $4,296,000 
Installed Cost $13,620,000 
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HEAT EXCHANGER (Helium Process) 
Identification: HX-2 
Function: 
Cool the expanded stream from the generator-loaded 
turbine, and reheat the working fluid that is sent back to 
HX-1 
Operation: Continuous 
Exchanger Type: Shell and Tube 
TEMA Type: BEM 
Working Fluid: Helium 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
S-13 
S-14 
 
849,200 
410 
183 
 
Shell Side 
 
S-4 
S-5 
 
849,200 
123 
350 
Design Data: 
Surface Area (ft2) 147,400 
LMTD (°F) 60 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
30.54 
 Heat Duty (BTU/h) 2.406x108 
 Material of Construction Stainless Steel 304 
 Number of Units in Series 1 
 Number of Units in Parallel 5 
Purchase Cost $4,112,00 
Installed Cost $13,030,000 
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HEAT EXCHANGER (Helium Process) 
Identification: HX-3 
Function: 
Cools stream from the recuperator going into the first 
compressor 
Operation: Continuous 
Exchanger Type: Shell and Tube Intercooler 
TEMA Type: BEM 
Working Fluid: Helium 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
S-5 
S-6 
 
849,200 
183 
30 
 
Shell Side  
 
CW 
CW 
 
6,455,000 
68 
113 
Design Data: 
Surface Area (ft2) 18,020 
LMTD (°F) 87.95 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
262.3 
 Heat Duty (BTU/h) 2.895x108 
 Material of Construction Carbon Steel 
 Number of Units in Series 1 
 Number of Units in Parallel 5 
Purchase Cost $518,700 
Installed Cost $1,644,000 
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HEAT EXCHANGER (Helium Process) 
Identification: HX-4 
Function: 
Cools stream from the first compressor, C-1, going into 
the second compressor, C-2 
Operation: Continuous 
Exchanger Type: Shell and Tube Intercooler 
TEMA Type: BEM 
Working Fluid: Helium and Cooling Water 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
S-7 
S-8 
 
849,200 
76 
50 
 
Shell Side  
 
CW 
CW 
 
5,599,000 
68 
77 
Design Data: 
Surface Area (ft2) 6575 
LMTD (°F) 229.2 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
262.3 
 Heat Duty (BTU/h) 5.026x108 
 Material of Construction Carbon Steel 
 Number of Units in Series 1 
 Number of Units in Parallel 9 
Purchase Cost $323,700 
Installed Cost $ 1,026,000 
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HEAT EXCHANGER (Helium Process) 
Identification: HX-5 
Function: 
Cools stream from the second compressor, C-2, going 
into the third compressor, C-3 
Operation: Continuous 
Exchanger Type: Shell and Tube Intercooler 
TEMA Type: BEM 
Working Fluid Helium and Cooling Water 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
S-9 
S-10 
 
849,200 
204.8 
158 
 
Shell Side  
 
CW 
CW 
 
5,629,000 
68 
77 
Design Data: 
Surface Area (ft2) 5502 
LMTD (°F) 107.8 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
286.8 
 Heat Duty (BTU/h) 5.019x107 
 Material of Construction Carbon Steel 
 Number of Units in Series 1 
 Number of Units in Parallel 10 
Purchase Cost $312,100 
Installed Cost $989,200 
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HEAT EXCHANGER (Helium Process) 
Identification: HX-6 
Function: 
Cools stream from the third compressor, C-3, going into 
the fourth compressor, C-4 
Operation: Continuous 
Exchanger Type: Shell and Tube Intercooler 
TEMA Type: BEM 
Working Fluid: Helium and Cooling Water 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
S-11 
S-12 
 
849,200 
240.8 
158 
 
Shell Side  
 
CW 
CW 
 
4,880,000 
68 
86 
Design Data: 
Surface Area (ft2) 73,850 
LMTD (°F) 119.5 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
55.65 
 Heat Duty (BTU/h) 8.786x107 
 Material of Construction Carbon Steel 
 Number of Units in Series 1 
 Number of Units in Parallel 8 
Purchase Cost $1,634,000 
Installed Cost $5,181,000 
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10.1.2 Compressors 
COMPRESSOR (Helium Process) 
Identification: C-1 
Function: 
To increase the pressure of stream S-6 to yield stream S-7 
going into the second compressor 
Operation: Continuous 
Working Fluid: Helium 
Design Data: 
Type: Centrifugal 
Driver Type: Electric Motor 
Material: Carbon Steel 
Pressure Inlet:  
(psi) 
392 
Pressure Outlet: 
(psi) 
515 
Temperature Inlet 
(°F) 
86 
Temperature Outlet 
(°F) 
170 
Flow Rate (lb/h) 849,200 
Driver Power (hp) 35,000 
 Efficiency 70% 
Utility Requirement:      
(MW) 
26.1 
Total Purchase Cost:  $15,870,000 
Total Installed Cost: $16,890,000 
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COMPRESSOR (Helium Process) 
Identification: C-2 
Function: 
To increase the pressure of stream S-8 to yield stream S-9 
going into the third compressor 
Operation: Continuous 
Working Fluid: Helium 
Design Data: 
Type: Centrifugal 
Driver Type: Electric Motor 
Material: Carbon Steel 
Pressure Inlet:  
(psi) 
515 
Pressure Outlet: 
(psi) 
654 
Temperature Inlet 
(°F) 
122 
Temperature Outlet 
(°F) 
206 
Flow Rate (lb/h) 849,220 
Driver Power (hp) 35,000 
 Efficiency 70% 
Utility Requirement:      
(MW) 
26.1 
Total Purchase Cost:  $13,490,000 
Total Installed Cost: $14,570,000 
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COMPRESSOR (Helium Process) 
Identification: C-3 
Function: 
To increase the pressure of stream S-10 to yield stream S-11 
going into the fourth compressor 
Operation: Continuous 
Working Fluid: Helium 
Design Data: 
Type: Centrifugal 
Driver Type: Electric Motor 
Material: Carbon Steel 
Pressure Inlet: 
 (psi) 
677 
Pressure Outlet: 
(psi) 
847 
Temperature Inlet 
(°F) 
157 
Temperature Outlet 
(°F) 
241 
Flow Rate (lb/h) 849,200 
Driver Power (hp) 35,000 
 Efficiency 70% 
Utility Requirement:      
(MW) 
26.1 
Total Purchase Cost: $10,120,000 
Total Installed Cost: $11,340,000 
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COMPRESSOR (Helium Process) 
Identification: C-4 
Function: 
To increase the pressure of stream S-12 to yield stream S-13 
going into the recuperator, HX-2 
Operation: Continuous 
Working Fluid: Helium 
Design Data: 
Type: Centrifugal 
Driver Type: Electric Motor 
Material: Carbon Steel 
Pressure Inlet:  
(psi) 
886 
Pressure Outlet: 
(psi) 
1146 
Temperature Inlet 
(°F) 
157 
Temperature Outlet 
(°F) 
254 
Flow Rate (lb/h) 849,200 
Driver Power (hp) 35,000 
 Efficiency 70% 
Utility Requirement:      
(MW) 
26.1 
Total Purchase Cost:  $9,724,000 
Total Installed Cost: $11,104,100 
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10.1.3 Turbines 
TURBINE (Helium Process) 
Identification: T-1 
Function: To generate electricity for compressors C-1 and C-2 
Operation: Continuous 
Design Data: 
Type: Electrical 
Material: Stainless Steel 310S 
Pressure Inlet:  
(psi) 
1146 
Pressure Outlet: 
(psi) 
890 
Temperature Inlet 
(°F) 
1504 
Temperature Outlet 
(°F) 
1335 
Flow Rate (lb/h) 849,220 
Driver Power (hp) 70,810 
 Efficiency 90% 
Total Purchase Cost: $8,987,000 
Total Installed Cost: $19,320,000 
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TURBINE (Helium Process) 
Identification: T-2 
Function: To generate electricity for compressors C-3 and C-4 
Operation: Continuous 
Design Data: 
Type: Electrical 
Material: Stainless Steel 310S 
Pressure Inlet: 
 (psi) 
890 
Pressure Outlet: 
(psi) 
676 
Temperature Inlet 
(°F) 
1335 
Temperature Outlet 
(°F) 
1166 
Flow Rate (lb/h) 849,200 
Driver Power (hp) 70,810 
 Efficiency 90% 
Total Purchase Cost: $8,987,000 
Total Installed Cost: $19,320,000 
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TURBINE (Helium Process) 
Identification: T-3 
Function: To generate electricity as the power output of the process 
Operation: Continuous 
Design Data: 
Type: Electrical 
Material: Stainless Steel 310S 
Pressure Inlet:  
(psi) 
676 
Pressure Outlet: 
(psi) 
307 
Temperature Inlet 
(°F) 
1166 
Temperature Outlet 
(°F) 
770 
Flow Rate (lb/h) 849,200 
Driver Power (hp) 164,900 
 Efficiency 90% 
Total Purchase Cost: $17,830,000 
Total Installed Cost: $38,330,000 
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10.2 S-CO2 Process 
10.2.1 Heat Exchangers 
HEAT EXCHANGER (CO2 Process) 
Identification: HX-1 
Function: 
Cools feed, P-1, using stream S-11 coming from the 
fourth exchanger, HX-4  
Operation: Continuous 
Exchanger Type: 
 
Shell and Tube 
 
TEMA Type: BEM 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
P-1 
P-2 
 
4,762,000 
1652 
1339 
 
Shell Side 
 
S-11 
S-1 
 
9,524,000 
1148 
1310 
Design Data: 
Surface Area (ft2) 13,200 
LMTD (°F) 220.8 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
163.9 
 Heat Duty (BTU/h) 4.550x108 
 Material of Construction Stainless Steel 310S 
 Number of Units in Series 1 
 Number of Units in Parallel 3 
Purchase Cost $3,916,000 
Installed Cost $12,410,000 
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HEAT EXCHANGER (CO2 Process) 
Identification: HX-2 
Function: 
Cools stream P-2 using stream S-2 coming from the first 
turbine, T-1  
Operation: Continuous 
Exchanger Type: 
 
Shell and Tube 
 
TEMA Type: BEM 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
P-2 
P-3 
 
4,762,000 
1339 
1294 
 
Shell Side 
 
S-2 
S-3 
 
9,524,000 
1197 
1220 
Design Data: 
Surface Area (ft2) 6,986 
LMTD (°F) 108 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
133.5 
 Heat Duty (BTU/h) 6.521x107 
 Material of Construction Stainless Steel 304L 
 Number of Units in Series 1 
 Number of Units in Parallel 3 
Purchase Cost $5,044,000 
Installed Cost $15,990,000 
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HEAT EXCHANGER (CO2 Process) 
Identification: HX-3 
Function: 
Cools stream P-3 using stream S-4 coming from the 
second turbine, T-2  
Operation: Continuous 
Exchanger Type: 
 
Shell and Tube 
 
TEMA Type: BEM 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
P-3 
P-4 
 
4,762,000 
1294 
1139 
 
Shell Side 
 
S-4 
S-5 
 
9,524,000 
1134 
1211 
Design Data: 
Surface Area (ft2) 116,700 
LMTD (°F) 28.51 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
133.5 
 Heat Duty (BTU/h) 2.181x108 
 Material of Construction Stainless Steel 304 
 Number of Units in Series 2 
 Number of Units in Parallel 4 
Purchase Cost $33,030,000 
Installed Cost $104,700,000 
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HEAT EXCHANGER (CO2 Process) 
Identification: HX-4 
Function: 
Cools stream S-5 using stream S-10 coming from the 
second compressor, C-2  
Operation: Continuous 
Exchanger Type: 
 
Shell and Tube 
 
TEMA Type: BEM 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
S-5 
S-6 
 
9,524,000 
1212 
191.2 
 
Shell Side 
 
S-10 
S-11 
 
9,524,000 
176.3 
1149 
Design Data: 
Surface Area (ft2) 201,600 
LMTD (°F) 45.44 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
29.35 
 Heat Duty (BTU/h) 2.650 x108 
 Material of Construction Stainless Steel 304 
 Number of Units in Series 5 
 Number of Units in Parallel 5 
Purchase Cost $250,200,000 
Installed Cost $793,100,000 
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HEAT EXCHANGER (CO2 Process) 
Identification: HX-5 
Function: Cools stream S-6 using cooling water  
Operation: Continuous 
Exchanger Type: 
 
Shell and Tube 
 
TEMA Type: BEM 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
S-6 
S-7 
 
9,524,000 
183.2 
82.4 
 
Shell Side 
 
CW 
CW 
 
1,190,000 
80.6 
98.6 
Design Data: 
Surface Area (ft2) 64,960 
LMTD (°F) 21.77 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
172 
 Heat Duty (BTU/h) 2.377x107 
 Material of Construction Carbon Steel 
 Number of Units in Series 2 
 Number of Units in Parallel 1 
Purchase Cost $1,889,000 
Installed Cost $5,987,000 
 
  
 71 
HEAT EXCHANGER (CO2 Process) 
Identification: HX-6 
Function: Cools stream S-8 using cooling water  
Operation: Continuous 
Exchanger Type: 
 
Shell and Tube 
 
TEMA Type: BEM 
Stream ID 
 
Inlet  
Outlet 
 
Flow Rate (lb/h) 
Temperature In (°F) 
Temperature Out (°F) 
Tube Side 
 
S-8 
S-9 
 
9,524,000 
140 
131 
 
Shell Side 
 
CW 
CW 
 
1,190,000 
80.6 
82.4 
Design Data: 
Surface Area (ft2) 3063 
LMTD (°F) 53.91 
 
Heat Transfer Coefficient 
(BTU/h-ft2-°F) 
387.3 
 Heat Duty (BTU/h) 2.355x107 
 Material of Construction Carbon Steel 
 Number of Units in Series 1 
 Number of Units in Parallel 1 
Purchase Cost $474,800 
Installed Cost $1,505,000 
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10.2.2 Compressors 
COMPRESSOR (CO2 Process) 
Identification: C-1 
Function: 
To increase the pressure of stream S-7 to yield stream S-8 
going into the sixth heat exchanger, HX-6 
Operation: Continuous 
Working Fluid: Helium 
Design Data: 
Type: Centrifugal 
Driver Type: Electric Motor 
Material: Carbon Steel 
Pressure Inlet:  
(psi) 
592 
Pressure Outlet: 
(psi) 
870 
Temperature Inlet 
(°F) 
82.4 
Temperature Outlet 
(°F) 
139 
Flow Rate (lb/h) 216,400 
Driver Power (hp) 31,330 
 Efficiency 70% 
Utility Requirement:      
(MW) 
23.4 
Total Purchase Cost: $ 5,490,000 
Total Installed Cost: $7,451,000 
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COMPRESSOR (CO2 Process) 
Identification: C-2 
Function: 
To increase the pressure of stream S-9 to yield stream S-10 
going into the fourth heat exchanger, HX-4 
Operation: Continuous 
Working Fluid: Helium 
Design Data: 
Type: Centrifugal 
Driver Type: Electric Motor 
Material: Carbon Steel 
Pressure Inlet:  
(psi) 
870 
Pressure Outlet: 
(psi) 
1160 
Temperature Inlet 
(°F) 
131 
Temperature Outlet 
(°F) 
176 
Flow Rate (lb/h) 216,400 
Driver Power (hp) 24,670 
 Efficiency 70% 
Utility Requirement:      
(MW) 
18.4 
Total Purchase Cost:  $5,388,000 
Total Installed Cost: $7,578,000 
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10.2.3 Turbines 
TURBINE (CO2 Process) 
Identification: T-1 
Function: 
To generate electricity as the power output of the process and 
to provide electricity to the compressors 
Operation: Continuous 
Working Fluid: Helium 
Design Data: 
Type: Electrical 
Material: Stainless Steel 310S 
Pressure Inlet:  
(psi) 
1160 
Pressure Outlet: 
(psi) 
798 
Temperature Inlet 
(°F) 
1310 
Temperature Outlet 
(°F) 
1197 
Flow Rate (lb/h) 216,400 
Driver Power (hp) 122,500 
 Efficiency 90% 
Total Purchase Cost: $14,010,000 
Total Installed Cost: $30,120,000 
 
  
 75 
TURBINE (CO2 Process) 
Identification: T-2 
Function: 
To generate electricity as the power output of the process and 
to provide electricity to the compressors 
Operation: Continuous 
Working Fluid: Helium 
Design Data: 
Type: Electrical 
Material: Stainless Steel 310S 
Pressure Inlet:  
(psi) 
798 
Pressure Outlet: 
(psi) 
592 
Temperature Inlet 
(°F) 
1220 
Temperature Outlet 
(°F) 
1133 
Flow Rate (lb/h) 216,400 
Driver Power (hp) 92,600 
 Efficiency 90% 
Total Purchase Cost: $11,170,000 
Total Installed Cost: $24,010,000 
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12. Equipment Cost and Fixed-Capital Investment Summaries 
12.1 Helium Process 
A summary of capital investment costs and purchase costs for all process units in the 
helium process is available in Table 12.1. The total permanent investment for the process is 
approximately $218 million, with equipment costs and installation accounting for $166 million 
of this total. Contingency and contractor fees were assumed to be 5% of direct permanent 
investment, which is consistent with estimates for new electricity plant costs as calculated by the 
Energy Information Administration (EIA) (“Levelized Cost,” 2015). Site preparation and service 
facilities were estimated at 1% of bare module cost each. This is a lower estimate than that 
provided by Downey in the Profitability Analysis Spreadsheet (2008). The choice was made to 
lower this cost, as well as the cost of land (1% of total depreciable capital) due to the nature of 
this process: it will add on to an existing plant facility rather than break ground as a new plant 
and thus, the existence of developed infrastructure and available land is assumed to represent an 
opportunity for cost savings.   
The cost of start-up for this process is estimated at 10% of total depreciable capital as 
recommended by Downey. A site factor of 1.1 was used to account for creating this process in a 
Northeastern U.S. location. A detailed breakdown of these costs is available in the Profitability 
Analysis section.  
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Table 12.1. Equipment Cost and Capital Investment Summary for Helium Design. Costs for compressors were 
calculated using the Process Economic Analyzer (Aspen Process, 2015). Costs for turbines, as well as bare module 
factors, were calculated using the textbook (Seider, et al., 2009), and heat exchanger costs were calculated using the 
Exchanger Design and Rating program (Aspen Exchanger, 2015).  
 
Unit 
Name 
Unit Description Estimated 
Purchase Cost 
Bare Module 
Factor 
Estimated Capital 
Investment 
T1 High Temperature Turbine $8,986,000 2.15 $19,320,000 
T2 High Temperature Turbine $8,986,000 2.15 $19,320,000 
T3 High Temperature Turbine $17,827,000 2.15 $38,330,000 
C1 High Pressure Compressor $15,874,000 1.06 $16,830,000 
C2 High Pressure Compressor $13,488,000 1.08 $14,570,000 
C3 High Pressure Compressor $10,123,000 1.12 $11,340,000 
C4 High Pressure Compressor $9,724,000 1.14 $11,090,000 
HX-1 Internal Heat Exchanger 
(Shell-and-Tube) 
$4,296,000 3.17 $13,620,000 
HX-2 Recuperator Heat Exchanger 
(Shell-and-Tube) 
$4,112,000 3.17 $13,040,000 
HX-3 Intercooler Heat Exchanger 
(Shell-and-Tube) 
$519,000 3.17 $1,645,000 
HX-4 Intercooler Heat Exchanger 
(Shell-and-Tube) 
$324,000 3.17 $1,027,000 
HX-5 Intercooler Heat Exchanger 
(Shell-and-Tube) 
$312,000 3.17 $989,000 
HX-6 Intercooler Heat Exchanger 
(Shell-and-Tube) 
$1,634,000 3.17 $5,180,000 
Total $96,205,000  $166,301,000 
Cost per MWh per year $101  $175 
 
12.2 S-CO2 Process 
A summary of capital investment costs and purchase costs for all process units in the s-CO2 
process is available in Table 12.2. The total permanent investment for the process is 
approximately $1.26 billion, with equipment costs and installation accounting for $1 billion of 
this total. Contingency and contractor fees were assumed to be 5% of direct permanent 
investment, which is consistent with estimates for new electricity plant costs as calculated by the 
EIA (“Levelized Cost,” 2015). Site preparation and service facilities were estimated at 1% of 
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bare module cost each. This is a lower estimate than that provided by Downey in the profitability 
analysis spreadsheet. The choice was made to lower this cost, as well as the cost of land (1% of 
total depreciable capital) due to the nature of this process: it will add on to an existing plant 
facility rather than break ground as a new plant and thus, the existence of developed 
infrastructure and available land is assumed to represent an opportunity for cost savings.   
The cost of start-up for this process is estimated at 10% of total depreciable capital as 
recommended by Downey. A site factor of 1.1 was used to account for creating this process in a 
Northeastern U.S. location. A detailed breakdown of these costs is available in the profitability 
analysis section.  
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Table 12.2. Equipment Cost and Capital Investment Summary for s-CO2 design. Costs for compressors were 
calculated using the Process Economic Analyzer (Aspen Process, 2015). Costs for turbines, as well as bare module 
factors, were calculated using the textbook (Seider, et al., 2009), and heat exchanger costs were calculated using the 
Exchanger Design and Rating program (Aspen Exchanger, 2015).  
 
Unit 
Name 
Unit Description Estimated 
Purchase Cost 
Bare Module 
Factor 
Estimated Capital 
Investment 
T-1 Turbine - Gas Powered $14,000,000 2.15 $30,100,000 
T-2 Turbine - Gas Powered $11,200,000 2.15 $2,408,000 
C-1 Compressor - Gas Turbine 
Powered 
$7,451,000 1.36 $10,130,000 
C-2 Compressor - Gas Turbine 
Powered 
$7,578,000 1.41 $10,680,000 
HX-1 Internal Heat Exchanger - 
Shell and Tube 
$3,916,000 3.17 $12,410,000 
HX-2 Internal Heat Exchanger – 
Shell-and-Tube 
$5,044,000 3.17 $15,990,000 
HX-3 Internal Heat Exchanger – 
Shell-and-Tube 
$33,000,000 3.17 $104,610,000 
HX-4 Recuperator Heat Exchanger 
– Shell-and-Tube 
$250,000,000 3.17 $792,500,000 
HX-5 Intercooler Heat Exchanger – 
Shell-and-Tube 
$1,889,000 3.17 $5,988,000 
HX-6 Intercooler Heat Exchanger – 
Shell-and-Tube 
$475,000 3.17 $1,506,000 
Total $334,553,000  $986,322,000 
Cost per MWh per year $358  $1,056 
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13. Operating Cost – Cost of Manufacture 
13.1 Helium Process 
Fixed costs for this process are estimated at $5.2 million per year. The variable costs are 
estimated at $5.1 million per year. This gives a total cost of manufacture of $10.3 million per 
year, or $10.89/MWh produced. A short discussion of these costs is provided below, and a 
detailed table is available in the profitability analysis section.  
13.1.1 Utilities 
The utilities are estimated at a yearly cost of $2.3 million. This comes from an estimation 
of the need for cooling water at 0.01 cents/gallon of cooling water (Seider, et al., 2009). The cost 
per MWh of electricity produced comes to $2.41. Cooling water to cool hot streams is the only 
needed utility for this process, as all electricity needed to power compressors and other plant 
machinery is provided by the process and heating is provided to the process from the primary 
nuclear reactor loop. 
13.1.2 Operations 
Operations costs were calculated assuming the need for a single operator to oversee the 
process and five shifts for continuous operation of the plant. Our operators will have Direct 
wages and benefits costs of $40/operator hour, with salaries and benefits costs set to zero as we 
do not anticipate needing to hire additional management or operation support staff to supervise 
the operators. Operating supplies and services is estimated at 6% of direct wages and benefits for 
the operators. 
13.1.3 Maintenance 
Maintenance costs for yearly operation of the plant are assumed to be $1 million. Wages and 
benefits for maintenance came to $445,000 with an equivalent amount allocated for materials 
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and services. Maintenance overhead was estimated at $22,000 per year and salaries and benefits 
for management of the maintenance team was estimated at $111,000 per year. These costs are 
significant reductions from the estimates (Seider, et al., 2009). Due to the limited number of 
process units in this process and the likelihood of a maintenance team already existing at the 
plant at which this process would be installed, cost of maintenance is expected to be minimal. 
13.1.4 Operating Overhead 
Operating overhead for this process is estimated at $195,000 per year, with $146,000 
allocated for general plant overhead and $48,000 for mechanical department services. These cost 
estimates are again reductions from that suggested by Downey (2008), as need for additional 
operations costs will be limited due to the existence of an already built an operating plant. 
13.1.5 Property taxes and insurance 
Property taxes and Insurance are expected to cost $3,563,000 per year, or 2% of Total 
Depreciable Capital (Seider, et al., 2009).  
13.2 S-CO2 Process 
Fixed costs for this process are estimated at $3.2 million per year. The variable costs are 
estimated at $5 million per year. This gives a total cost of manufacture of $7.2 million per year, 
or $8.79/MWh produced. A short discussion of these costs is provided below, and a detailed 
table is available in the profitability analysis section.  
13.2.1 Utilities 
The utilities are estimated at a yearly cost of $2.3 million. This comes from an estimation 
of the need for cooling water at .01 cents/gallon of cooling water (Seider, et al., 2009). The cost 
per MWh of electricity produced comes to $2.41. Cooling water to cool hot streams is the only 
needed utility for this process, as all electricity needed to power compressors and other plant 
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machinery is provided by the process and heating is provided to the process from the primary 
nuclear reactor loop. 
13.2.2 Operations 
Operations costs were calculated assuming the need for a single operator to oversee the 
process and five shifts for continuous operation of the plant. Our operators will have direct 
wages and benefits costs of $40/operator hour, with salaries and benefits costs set to zero as we 
do not anticipate needing to hire additional management or operation support staff to expand the 
plant. Operating supplies and services is estimated at 6% of direct wages and benefits for the 
operators. 
13.2.3 Maintenance 
Maintenance costs for yearly operation of the plant are assumed to be $1 million. Wages 
and benefits for maintenance came to $445,000 with an equivalent amount allocated for 
materials and services. Maintenance overhead was estimated at $22,000 per year and salaries and 
benefits for management of the maintenance team was estimated at $111,000 per year. These 
costs are significant reductions from the estimates provided by Seider et al. Due to the limited 
number of process units in this process and the likelihood of a maintenance team already existing 
at the plant at which this process would be installed, cost of maintenance is expected to be 
minimal. 
13.2.4 Operating Overhead 
Operating overhead for this process is estimated at $195,000 per year, with $146,000 
allocated for general plant overhead and $48,000 for mechanical department services. These cost 
estimates are again reductions from that suggested by Downey (2008), as need for additional 
operations costs will be limited due to the existence of an already built an operating plant. 
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13.2.5 Property taxes and insurance 
Property taxes and Insurance are expected to cost $3,563,000 per year.   
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14. Other Important Considerations 
 Many considerations that would be important in designing a plant like this were out of 
the scope of our project. Primarily, these include environmental concerns, since our project 
depends on the use of a nuclear power plant. One of the main reasons that nuclear power is not 
more widespread is because of public concern over a nuclear disaster. However, since our project 
assumes that we are merely using the waste heat stream from a nuclear plant, the environmental 
and other concerns relating to the nuclear power itself were considered outside the scope of the 
project and not explored further. Plant startup and shutdown costs are also important 
considerations, but these analyses were also considered outside the scope of our process, and the 
default percentages were used in calculating these costs. Two other important concerns, Safety 
and Health and Plant Location, are explored further below.  
14.1 Safety and Health Concerns 
Two of the largest safety concerns in engineering industries are fires and explosions, and 
toxic releases and dispersion. Since the power generation cycle in this project is at very high 
temperatures and pressures, both of these safety concerns are incredibly important in this 
process. Thus, the flammability and toxicity of the fluids used in the power generation cycle 
must be examined. All concentration levels noted here are on a per volume basis. 
14.1.1 Helium 
Helium is a relatively safe gas when looking at these two safety concerns, as it is both 
non-flammable and non-toxic. Although this seems to remove the two largest safety concerns 
identified above, helium is an asphixiant, so although inhaling it is not a toxicity issue, a leak is 
still dangerous as it could cause suffocation (Appendix C.1).  
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The most important methods to combat the risk of suffocation from a helium release are 
installation of an industrial exhaust system to eliminate the risk of fluid buildup in the plant area, 
and an easy and well-marked evacuation route in case a large leak or blowout were to occur. 
Industrial exhaust systems consist of large fans to increase ventilation, an air filtration unit to 
clean the air, and an exhaust pipe to release the cleaned air outside or recycle it back into the 
work area. Of course, there is a possibility that the ventilation system could be compromised, or 
a leak could go undetected and be too large for the leaking fluid to be removed through the 
industrial ventilation. As a secondary protection, the containment building of the power 
generation equipment must be fitted with oxygen-depletion alarm systems, and site workers are 
also required to carry portable oxygen monitors, which can be carried in a pocket and provide 
continuous oxygen monitoring. A secondary emergency ventilation system is also necessary that 
immediately vents all of the work area gaseous contents into the outside air.  
In addition to the oxygen depletion alarm system, emergency-breathing apparatuses, a 
form of self-contained breathing apparatuses that are easy to don and so are used in emergency 
evacuation situations, are placed at strategic places throughout the facilities (“Respiratory 
Protection,” 2011). They are placed in such a way that a worker standing in any area of the plant 
is no more than 400 feet away from an emergency breathing apparatus or a doorway (Appendix 
B.2). This is done because of the large size of the plant, which makes it probable that not all 
workers will be able to hold their breath for a long enough time to exit the facilities.  
OSHA identifies the minimum acceptable oxygen level as 19.5%, so the first alarm 
threshold is placed at this concentration. At this alarm, all personnel are required to immediately 
evacuate the enclosed area of the process. A secondary alarm threshold is placed at 14%, when 
oxygen depletion begins to impair worker judgment, and this is when the emergency ventilation 
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system is triggered. A final emergency alarm is placed at 8% oxygen, the level at which a 10-
minute exposure can prove fatal (“Overview of OSHA Standards”).  
14.1.2 Carbon Dioxide  
The above safety measures are used in both the scenario of helium as the working fluid 
and CO2 as the working fluid. However, CO2 has a couple additional safety concerns. First, 
whereas helium is nontoxic, CO2 is a toxic asphixiant, so CO2 levels are also measured when this 
is the working fluid of the plant (Appendix C.2). Similar alarm systems as the oxygen monitors 
are placed around the plant in this process, with different CO2 alarm limits. The first limit is 
placed at 0.5%, which is the maximum allowable concentration for an 8-hour workday as 
recommended by OSHA. A second alarm threshold is placed at 3%, marking the ceiling 
exposure limit recommended by the American Conference of Governmental Industrial 
Hygienists (ACGIH). A third and final alarm threshold is placed at 4%, as this is the 
concentration identified by the ACGIH as being immediately dangerous to workers’ life and 
health. The fatal concentration of CO2 is about 9% over a 5-minute period (“Appendix C,” 
2006).  
The second additional safety concern when working with CO2 is that the fluid is 
incompatible with many common metals, including chromium, above 550 °C, and uranium 
above 750 °C (Appendix C.2). The piping of the process as well as the equipment units are made 
out of varying grades of stainless steel, which contain chromium and other non-compatible 
metals. Fortunately, as scale develops inside the piping and equipment units from the interaction 
of the CO2 with the metals, the scale itself acts as a barrier to continued degradation of the metal. 
Degradation of the metal is shown to be a mere decrease in thickness of about 1mm per year at 
the most, with no added frailty with the scale formation (“Development of a Supercritical,” 
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2004). Thus, piping is checked for leaks or excessive buildup during scheduled maintenance 
every year, but it is unlikely to need replacements any more often than in the helium process.  
14.1.3 Overall Plant 
 Both high temperatures and high pressures are present throughout the helium and the CO2 
processes. These extreme conditions led to the careful selection of piping and equipment 
materials, and higher grades of stainless steel are used where necessary to prevent leaks, 
explosions, or meltdowns. Extensive temperature monitoring is put in place in the system, with 
alarms set to sound if the temperature exceeds 90% of the meltdown temperature of the material, 
and emergency cooling systems surrounding the compressors. Guardrails are also placed around 
all major equipment to keep employees at a safe distance in case of hot piping and equipment, 
and warning labels are placed on all pipes and equipment warning of the high temperatures and 
pressures. As a secondary protection, in case operators accidentally brush against a piece of 
equipment, all operators are required to wear boiler suits, which consist of a full suit of clothing 
made to withstand extremely high temperatures (Meher). Reinforced containment walls are also 
built around the process, to contain any contaminants in the case of a blowout.  
14.2 Plant Location 
 The only location restriction of our process is that it needs to be located in very close 
proximity to a nuclear facility. With nearly a hundred operating nuclear facilities in the United 
States, there are numerous potential locations for our process. We chose to locate our process 
close to Philadelphia, since we are most familiar with the energy markets and nuclear facilities of 
the surrounding area. The Philadelphia area also has four nuclear power generation units within 
about fifty miles of the city and many more close by (“Operating Nuclear Power Reactors,” 
2015), making it a promising location for a pilot nuclear power generation process. The location 
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was important for the Economic Analysis, as it affected both the site factor, which is 1.1 for the 
Northeast region, and the local price of electricity in the PJM Interconnection service area.  
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15. Profitability Analysis – Business Case 
 The Profitability Analysis-4.0.xls spreadsheet by Brian K. Downey (2008) was used in 
order to make a business case for the best helium and s-CO2 processes. The profitability analysis 
worksheets will be compared for both working fluids and a final recommendation will be made 
after a thorough economic analysis of each competing process.  
15.1 Profitability Measures  
15.1.1 Helium Process 
 For the profitability analysis, it is assumed that the effective tax rate is 37% for both 
competing processes. For the helium process, the cash flow analysis determined that the project 
would have an 11% return on investment (ROI), a net present value (NPV) of $241 million, and 
a 13% internal rate of return (IRR). The cash flow in each year is summarized in Table 24.1 and 
shows that the helium process will break even after the ninth year of the project’s life using a 
discount rate of 6.1%. This is the typical discount rate used for power plant projects by the EIA 
(‘Levelized Costs’, 2015). 
  Note that normally cash flow sheets are only projected for the first 20 years. However, a 
nuclear plant license lasts for 40 years, so all profitability analyses are performed with a 40 year 
project lifetime for completeness. Due to the limitations of the Profitability Analysis spreadsheet, 
the cash flow of the last 19 years of the project were determined independently. All years of the 
cash flow were aggregated in Table 15.1 to reflect the 40-year lifetime of the project. 
 90 
           
Table 15.1 End of the Year Cash Flows. Here, the helium process is presented with the corresponding cumulative 
NPV at a 6.1% discount rate for a 40 year project. 
Year Cash Flow Cumulative NPV at 6.1% 
2017  $     (220,871,000.00)  $           (208,172,478.79) 
2018  $        12,630,800.00   $           (196,952,291.91) 
2019  $        22,927,100.00   $           (177,756,635.24) 
2020  $        31,414,300.00   $           (152,967,244.61) 
2021  $        31,108,400.00   $           (129,830,579.78) 
2022  $        30,856,800.00   $           (108,200,477.05) 
2023  $        30,652,900.00   $             (87,948,665.33) 
2024  $        30,694,500.00   $             (68,835,285.42) 
2025  $        30,955,100.00   $             (50,667,844.52) 
2026  $        31,224,000.00   $             (33,396,159.90) 
2027  $        31,481,200.00   $             (16,983,383.40) 
2028  $        31,753,200.00   $               (1,380,570.81) 
2029  $        32,013,500.00   $               13,445,742.28  
2030  $        32,288,700.00   $               27,539,772.08  
2031  $        32,552,300.00   $               40,931,941.06  
2032  $        32,830,700.00   $               53,662,105.11  
2033  $        31,152,700.00   $               65,047,134.78  
 91 
2034  $        29,483,000.00   $               75,202,481.65  
2035  $        29,759,700.00   $               84,863,796.93  
2036  $        30,038,100.00   $               94,054,839.57  
2037  $        30,318,200.00   $            102,798,239.65  
2038  $        31,226,400.00   $            111,285,811.68  
2039  $        40,721,289.40   $            121,717,814.39  
2040  $        41,004,725.77   $            131,618,486.97  
2041  $        41,289,862.76   $            141,014,829.54  
2042  $        41,576,710.57   $            149,932,473.82  
2043  $        41,865,279.47   $            158,395,752.26  
2044  $        42,155,579.79   $            166,427,763.69  
2045  $        42,447,621.90   $            174,050,435.66  
2046  $        42,741,416.27   $            181,284,583.70  
2047  $        43,036,973.40   $            188,149,967.50  
2048  $        43,334,303.88   $            194,665,344.33  
2049  $        43,633,418.34   $            200,848,519.77  
2050  $        43,934,327.48   $            206,716,395.81  
2051  $        44,237,042.09   $            212,285,016.58  
2052  $        44,541,572.97   $            217,569,611.83  
2053  $        44,847,931.05   $            222,584,638.05  
2054  $        45,156,127.27   $            227,343,817.72  
2055  $        45,466,172.67   $            231,860,176.39  
2056  $        45,778,078.34   $            236,146,078.05  
2057  $        52,718,355.45   $            240,797,986.02  
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15.1.2 S-CO2 Process 
  For the s-CO2 process, the cash flow analysis determined that the project would have a   
-2.13% return on investment (ROI) after the third year of production, a net present value (NPV) 
of -$489 million, and a -0.85% internal rate of return (IRR). The cash flow in each year is 
summarized in Table 15.2 and shows that the s-CO2 process will not break even throughout the 
projected lifespan of the project. Because the unprofitable nature of this project was clear, the 
lifetime cash flows were not calculated passed the 21 years allowed by the Downey spreadsheet. 
As discussed in Section 4.5, this project seems like it should generate more power at a lower 
flowrate than the helium process, but the s-CO2 is too dense and does not expand through the 
turbines as well as helium. Therefore, higher flowrates are needed, leading to a higher cost of 
instillation, which accounts for the main pitfall of this design.  
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Table 15.2 End of the Year Cash Flows. Here, the s-CO2 process is shown with the corresponding cumulative NPV 
at a 6.1% discount rate for a 40 year project. 
 
Year Cash Flow ($) Cumulative NPV at 6.1% ($) 
2017  (1,261,178,000)                     (1,188,669,200) 
2018         92,015,100                      (1,106,930,400) 
2019       147,662,000                         (983,300,800) 
2020       110,054,100                         (896,455,800) 
2021         80,894,800                         (836,290,800) 
2022         81,146,500                         (779,408,400) 
2023         59,342,600                         (740,201,900) 
2024         37,540,100                         (716,825,800) 
2025         37,796,400                         (694,643,200) 
2026         38,054,300                         (673,593,300) 
2027         38,313,600                         (653,618,400) 
2028         38,574,600                         (634,663,700) 
2029         38,837,100                         (616,677,200) 
2030         39,101,100                         (599,609,600) 
2031         39,366,800                         (583,413,900) 
2032         39,634,000                         (568,045,700) 
2033         39,902,900                         (553,462,900) 
2034         40,173,400                         (539,625,200) 
2035         40,445,400                         (526,494,900) 
2036         40,719,200                         (514,035,600) 
2037         40,994,500                         (502,213,300) 
2038         47,625,800                         (489,268,300) 
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15.2 Cost Summary 
15.2.1 Helium Process 
 A summary of the breakdown of the total capital investment as generated by the 
Profitability Spreadsheet is included in the tables below. The total capital investment for the best 
helium process is about $224 million. Of that, variable costs make up about $5 million and fixed 
costs make up about $5 million. The primary cost for this project is the permanent investment, 
totaling about $217 million. 
 The cash flow analysis used a 15-year depreciation schedule following the modified 
accelerated cost recovery system (MACRS) as determined by the IRS.  
 Finally, the last table shows a sensitivity analysis on the price of electricity. The price of 
electricity used in this analysis is $70/MWh (Seider, et al., 2009) and increases accordance with 
EIA projections (“Wholesale Electricity,” 2016). However, electricity prices have historically 
wavered and if they drop below $28/MWh, the projected IRR will suffer and possibly produce an 
economically unsuccessful project.    
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15.2.2 S-CO2  Process 
A summary of the breakdown of the total capital investment as generated by the 
Profitability Spreadsheet is included in the tables below. The total capital investment for the best 
S-CO2 process is about $1.26 billion. Of that, variable costs make up about $5 million and fixed 
costs make up about $3 million. The primary cost for this project is the permanent investment, 
totaling about $1.26 billion. 
 The cash flow analysis used a 5-year depreciation schedule following the modified  
accelerated cost recovery system (MACRS). The s-CO2 process uses a 5-year depreciation 
schedule as opposed to a 15-year schedule because it is considered a new carbon free technology 
and is promoted by the government to run on a 5-year schedule (“Incentives Available,” 2016).     
 A sensitivity analysis is not presented for this process because it is not relevant in the 
scope of this vastly unsuccessful project. 
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16. Conclusions and Recommendations 
 The two processes that were analyzed each produce about 120 MW of electricity taken 
from residual heat from a nuclear reactor. Both processes use helium as the working fluid in the 
primary loop, which is the stream in contact with the nuclear reactor. As for the secondary loop, 
designs were made using both helium and s-CO2. Since helium is a small atom that is prone to 
leak out of the system and is costly to purchase, s-CO2 was explored. However, after a complete 
analysis of both competing processes, it is obvious to say that the helium process is the winning 
process. With an ROI of 11% and a NPV of $241 million, using helium as the working fluid 
gives the only economically successful process design. It is recommended that the helium 
process be pursued in further research in attempt to reduce equipment sizes. At the present 11% 
ROI, the project has economic potential and has value for being carbon free and beating out coal 
power plants when comparing costs per MWh. 
Fortunately, the s-CO2 process also has promise and is recommended for further research. 
There is a possibility that using a turbocharger would reduce the number of equipment pieces 
needed in the whole process, thereby reducing the capital investment. This alternative is looked 
at by the design team and several insights are discussed in Appendix A. 
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Appendix A – Insights into Turbocharger Process Design 
A turbocharger is essentially a generator that is driven by an engine. It typically contains 
an inlet, an outlet, a compressor, a combustion chamber, and a turbine that drives the compressor 
(“Turbojet,” 2016). For our purposes, we could use a modified turbocharger that does not have a 
combustion chamber since our energy is derived from a hot stream of residual nuclear heat. 
Therefore, a hot inlet of helium or s-CO2 would enter the inlet and be passed through turbines 
that would generate electricity and then compressed in 2 to 3 stages of compression chambers. 
Figure A.1 shows a graphic of a typical, unmodified turbocharger.  
 
 
Figure A.1. Model of a typical turbocharger with all units – no modification (“Turbojet,” 2016). 
 
Figure A.2 shows a preliminary process design using the turbocharger. The primary loop 
from the nuclear reactor remains unchanged and has the capacity to deliver the same amount of 
energy to the secondary loop. This loop works with both the helium and s-CO2 working fluids, 
but an economic analysis has not been performed to determine which working fluid is preferred 
as this is beyond the scope of the design. It is recommended that this design be looked into 
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further and costed in hopes of reducing the cost of capital and increasing the economic viability 
of the s-CO2 project.  
 
Figure A.2. Preliminary Process design using turbocharger and a 3-stage compressor-intercooler unit. 
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Appendix B – Sample Calculations 
B.1 Intermediate Pressure between Compressors 
 Most of the temperatures and pressures in the helium process are given to us in the 
problem statement, but compressors C-1 and C-2, and C-3 and C-4 are treated as pairs in the 
process and the intermediate pressures between them are not specified. In order to be able to 
input all of the pressure specifications for the system compressors into the Aspen simulation, it is 
necessary to find these intermediate pressures. These calculations are shown below, where P2 is 
the intermediate pressure, P1 is the inlet pressure to the first compressor, and P3 is the outlet 
pressure from the second compressor.  
P3
P1
=
P2
P3
= √
P2
P1
 
P3 = P1 ∗ √
P2
P1
 
B.2 Distance between Emergency Breathing Apparatuses 
A couple assumptions are made to find a safe distance at which emergency breathing 
apparatuses can be placed in the plant. First, it is assumed that although most humans can hold 
their breath for about two minutes in a normal situation, during an emergency situation this time 
period is reduced to only about thirty seconds. Second, it is assumed that the average running 
speed of an adult is around 10 to 15 mph. Taking the slower end of the range to be safe, the 
following calculations are performed.  
Running Speed (ft s⁄ ) = 10 mph ∗
1.467 ft s⁄
1 mph
= 14.67 ft/s 
Distance = 14.67 ft s⁄ ∗ 30 s = 440 ft 
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As a safety precaution, this distance was reduced to 400 ft between each emergency breathing 
apparatus or exit doorway to ambient air.  
B.3 System Volume Estimation 
The total volumes contained inside piping and equipment for both the helium and the s-
CO2 processes are calculated using a few assumptions about the different piping and pieces of 
equipment. Here we will show only the calculations for the s-CO2 system, as the calculations for 
the helium system follow the same process. 
B.3.1 Piping 
First, the volume of the piping is calculated. For this, it is a general assumption that water 
flowing through a piping system can move at a linear velocity of around 15 ft/s before the 
pressure drop causes problems. Since we have a gas and a supercritical fluid instead of water, 
this linear velocity is converted to a new linear velocity for the other fluids. It is also assumed 
here that there are approximately 50 ft of piping between each piece of equipment.  
ρs−CO2 ∗ vs−COs
2 = ρH2O ∗ vH2O
2  
vs−CO2 = √
ρH2O ∗ vH2O
2
ρs−CO2
= √
1 g cm3⁄ ∗ (15 ft s⁄ )2
0.023 g/cm3
= 98.8 ft/s 
Cross − sectional Area =
volumetric flowrate
linear velocity
=
1839.29 ft3 s⁄
98.8 ft s⁄
= 18.6 ft2 
Volume Piping = 18.6 ft2 ∗ 50 ft ∗ 10 Equipment Pieces = 9300 ft3 
B.3.2 Turbines and Compressors 
 For both the turbines and the compressors, the standard assumption of a residence time in 
each piece of equipment of 5 seconds (based on a linear velocity of 15 ft/s) is used. This has to 
be adjusted for the new linear velocity, and the following calculations are performed. 
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Calculations for T-1 are shown, and the process is the same for the other turbine and 
compressors.  
Residence Time = ts−CO2 =
vH2O ∗ tH2O
vs−CO2
=
15 ft s⁄ ∗ 5 s
98.8 ft/s
= 0.759 s 
Volume Turbine = volumetric flowrate ∗ ts−CO2 = 1181.4
ft3
s
∗ 0.759 s = 897 ft3 
B.3.3 Heat Exchangers 
 The volume of the heat exchangers is calculated without any assumptions, since the heat 
exchanger designs supply us with all the required information to find the tube-side volume. The 
calculations are as follows for HX-1.  
Tube Cross − sectional Area = A = (
π ∗ din
2
)
2
= (
π ∗ 1.67 ft
2
)
2
= 6.847 ft2 
Volume Heat Exchanger = A ∗ # of tubes ∗ tube length = 6.847 ft2 ∗ 226 tubes ∗ 12 ft = 5917 ft3 
Once all of the volumes of the pieces of equipment are found, they are summed together to get 
the total volume of the system.  
B.4 Turbine Purchase Cost 
 The costs of the turbines were calculated using the equations from the textbook (Table 
22.32). A sample calculation is shown below for T-1 from the helium process, where 𝛼 is a 
factor that accounts for the material. It is 1 for carbon steel, and 2 for stainless steel. 
𝐶𝑝 = 𝛼 ∗ 530 ∗ 𝑃
0.81 = 2 ∗ 530 ∗ (70,806 ℎ𝑝)0.81 = $ 8,986575 
 
B.5 Levelized Cost of Electricity 
 The levelized cost of electricity was calculated using the EIA definition in the Levelized  
Cost source. 
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𝐿𝐶𝑂𝐸 =
𝐶
𝐺 ∗ 𝑌
+
𝐹𝑐
𝐺
+
𝑉𝑐
𝐺
= 33.4 
  
 
C = Total Permanent Investment: $217,000,000 
Fc = Total Fixed Costs = $5,200,000 
Vc = Total Variable Costs = $21,000,000 
G = Net generation (per year) = 950,400 MWh 
Y = Years of operation = 40 
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Appendix C. Material Safety and Data Sheets 
C.1 Helium  
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C.2 Carbon Dioxide 
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Appendix D. Original Project Statement  
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Appendix E. Aspen Exchanger Design and Rating Results 
E.1 Helium Process 
HX-1 
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HX-2 
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HX-3 
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HX-4 
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HX-5 
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HX-6 
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E.2 S-CO2 Process  
HX-1 
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HX-2 
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HX-3 
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HX-4 
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HX-5 
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HX-6 
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Appendix D.  Aspen Block Results 
D.1 Helium Process 
 BLOCK:  IHX1     MODEL: MHEATX           
 ------------------------------ 
HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                HOT1             6        
COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                COLD1            2        
 
PROPERTIES FOR STREAM HOT1     
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
   PROPERTIES FOR STREAM COLD1    
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            210193.         210193.         0.00000     
       MASS(KG/HR   )            841320.         841320.         0.00000     
       ENTHALPY(CAL/SEC )       0.182024E+09    0.182024E+09   -0.163727E-15 
                          ***  INPUT DATA  *** 
   SPECIFICATIONS FOR STREAM HOT1    : 
   ONE    PHASE  TP  FLASH   SPECIFIED PHASE IS  VAPOR   
   SPECIFIED TEMPERATURE                C                       509.200       
   SPECIFIED PRESSURE                   BAR                       7.59000     
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM COLD1   : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  HOT1      -0.62108E+08    509.20      7.5900         1.0000 
  COLD1      0.62108E+08    817.68      79.000         1.0000 
 
                 ----------------------------------- 
                 |                                             | 
  HOT1     |                                             | 6        
   --------->| 0.11396E+06 KMOL/HR   |---------> 
    900.00  |                                             |   509.20 
                 |                                             | 
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  2          |                                            | COLD1    
<---------|    96237.     KMOL/HR     |<--------- 
  817.68 |                                            |   350.00 
              |                                            | 
              ---------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             0.62108E+08 CAL/SEC      
  UA                               0.53262E+06 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            116.61     C    
  MIN TEMP APPROACH                 82.317     C    
  HOT-SIDE TEMP APPROACH            82.317     C    
  COLD-SIDE TEMP APPROACH           159.20     C    
  HOT-SIDE NTU                      3.3514     
  COLD-SIDE NTU                     4.0107     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        509.20    350.00    159.20                                                                     
  0.1035E+08    574.36    427.92    146.43    152.73  0.6778E+05  0.1035E+08  0.6778E+05                       
  0.2070E+08    639.50    505.86    133.64    139.94  0.7397E+05  0.1035E+08  0.1417E+06                       
  0.3105E+08    704.64    583.81    120.83    127.13  0.8142E+05  0.1035E+08  0.2232E+06                       
  0.4141E+08    769.77    661.76    108.00    114.30  0.9056E+05  0.1035E+08  0.3137E+06                       
  0.5176E+08    834.89    739.72     95.17    101.45  0.1020E+06  0.1035E+08  0.4158E+06                       
  0.6211E+08    900.00    817.68     82.32     88.59  0.1169E+06  0.1035E+08  0.5326E+06  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  IHX1     MODEL: MHEATX           
 ------------------------------ 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                HOT1             6        
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                COLD1            2        
 
   PROPERTIES FOR STREAM HOT1     
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
   PROPERTIES FOR STREAM COLD1    
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            210193.         210193.         0.00000     
       MASS(KG/HR   )            841320.         841320.         0.00000     
       ENTHALPY(CAL/SEC )       0.182024E+09    0.182024E+09   -0.163727E-15 
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                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  ***  
 
   SPECIFICATIONS FOR STREAM HOT1    : 
   ONE    PHASE  TP  FLASH   SPECIFIED PHASE IS  VAPOR   
   SPECIFIED TEMPERATURE                C                       509.200       
   SPECIFIED PRESSURE                   BAR                       7.59000     
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM COLD1   : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  HOT1      -0.62108E+08    509.20      7.5900         1.0000 
  COLD1      0.62108E+08    817.68      79.000         1.0000 
 
               ------------------------------------ 
                |                                              | 
  HOT1   |                                               | 6        
 --------->|   0.11396E+06 KMOL/HR   |---------> 
   900.00 |                                               |   509.20 
               |                                               | 
     2        |                                               | COLD1    
 <---------|     96237.     KMOL/HR       |<--------- 
    817.68 |                                             |   350.00 
                |                                              | 
               ------------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             0.62108E+08 CAL/SEC      
  UA                               0.53262E+06 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            116.61     C    
  MIN TEMP APPROACH                 82.317     C    
  HOT-SIDE TEMP APPROACH            82.317     C    
  COLD-SIDE TEMP APPROACH           159.20     C    
  HOT-SIDE NTU                      3.3514     
  COLD-SIDE NTU                     4.0107     
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  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        509.20    350.00    159.20                                                                     
  0.1035E+08    574.36    427.92    146.43    152.73  0.6778E+05  0.1035E+08  0.6778E+05                       
  0.2070E+08    639.50    505.86    133.64    139.94  0.7397E+05  0.1035E+08  0.1417E+06                       
  0.3105E+08    704.64    583.81    120.83    127.13  0.8142E+05  0.1035E+08  0.2232E+06                       
  0.4141E+08    769.77    661.76    108.00    114.30  0.9056E+05  0.1035E+08  0.3137E+06                       
  0.5176E+08    834.89    739.72     95.17    101.45  0.1020E+06  0.1035E+08  0.4158E+06                       
  0.6211E+08    900.00    817.68     82.32     88.59  0.1169E+06  0.1035E+08  0.5326E+06  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  RECP     MODEL: MHEATX           
 ------------------------------ 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                HOTIN            S23      
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                COLDIN           COLD1    
 
   PROPERTIES FOR STREAM COLDIN   
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
   PROPERTIES FOR STREAM HOTIN    
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            192475.         192475.         0.00000     
       MASS(KG/HR   )            770400.         770400.         0.00000     
       ENTHALPY(CAL/SEC )       0.648615E+08    0.648615E+08     0.00000     
                          ***  INPUT DATA  *** 
   SPECIFICATIONS FOR STREAM COLDIN  : 
   ONE    PHASE  TP  FLASH   SPECIFIED PHASE IS  VAPOR   
   SPECIFIED TEMPERATURE                C                       350.000       
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM HOTIN   : 
   ONE    PHASE      FLASH   SPECIFIED PHASE IS  VAPOR   
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
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  COLDIN     0.30148E+08    350.00      79.000         1.0000 
  HOTIN     -0.30148E+08    182.90      21.155         1.0000 
 
                  ---------------------------------- 
                  |                                            | 
  COLDIN |                                            | COLD1    
    --------->|   96237.     KMOL/HR      |---------> 
      123.17 |                                            |   350.00 
                  |                                            | 
      S23      |                                            | HOTIN    
    <---------|   96237.     KMOL/HR       |<--------- 
      182.90 |                                            |   409.97 
                  |                                            | 
                  ---------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             -.30148E+08 CAL/SEC      
  UA                               0.50360E+06 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            59.866     C    
  MIN TEMP APPROACH                 59.727     C    
  HOT-SIDE TEMP APPROACH            59.974     C    
  COLD-SIDE TEMP APPROACH           59.727     C    
  HOT-SIDE NTU                      3.7931     
  COLD-SIDE NTU                     3.7890     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        409.97    350.00     59.97                                                                     
  0.5025E+07    372.12    312.18     59.94     59.96  0.8380E+05  0.5025E+07  0.8380E+05                       
  0.1005E+08    334.27    274.36     59.91     59.93  0.8385E+05  0.5025E+07  0.1676E+06                       
  0.1507E+08    296.43    236.55     59.87     59.89  0.8390E+05  0.5025E+07  0.2515E+06                       
  0.2010E+08    258.58    198.75     59.83     59.85  0.8395E+05  0.5025E+07  0.3355E+06                       
  0.2512E+08    220.74    160.95     59.78     59.81  0.8402E+05  0.5025E+07  0.4195E+06                       
  0.3015E+08    182.90    123.17     59.73     59.76  0.8409E+05  0.5025E+07  0.5036E+06  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  RECP     MODEL: MHEATX           
 ------------------------------ 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                HOTIN            S23      
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                COLDIN           COLD1    
 
   PROPERTIES FOR STREAM COLDIN   
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
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   PROPERTIES FOR STREAM HOTIN    
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            192475.         192475.         0.00000     
       MASS(KG/HR   )            770400.         770400.         0.00000     
       ENTHALPY(CAL/SEC )       0.648615E+08    0.648615E+08     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM COLDIN  : 
   ONE    PHASE  TP  FLASH   SPECIFIED PHASE IS  VAPOR   
   SPECIFIED TEMPERATURE                C                       350.000       
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM HOTIN   : 
   ONE    PHASE      FLASH   SPECIFIED PHASE IS  VAPOR   
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  COLDIN     0.30148E+08    350.00      79.000         1.0000 
  HOTIN     -0.30148E+08    182.90      21.155         1.0000 
 
                    ----------------------------- 
                    |                                     | 
  COLDIN   |                                     | COLD1    
     --------->|  96237.   KMOL/HR    |---------> 
       123.17 |                                       |   350.00 
                   |                                       | 
       S23      |                                       | HOTIN    
     <---------|   96237.   KMOL/HR    |<--------- 
       182.90 |                                       |   409.97 
                   |                                       | 
                   ------------------------------ 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
 153 
  DUTY                             -.30148E+08 CAL/SEC      
  UA                               0.50360E+06 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            59.866     C    
  MIN TEMP APPROACH                 59.727     C    
  HOT-SIDE TEMP APPROACH            59.974     C    
  COLD-SIDE TEMP APPROACH           59.727     C    
  HOT-SIDE NTU                      3.7931     
  COLD-SIDE NTU                     3.7890     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        409.97    350.00     59.97                                                                     
  0.5025E+07    372.12    312.18     59.94     59.96  0.8380E+05  0.5025E+07  0.8380E+05                       
  0.1005E+08    334.27    274.36     59.91     59.93  0.8385E+05  0.5025E+07  0.1676E+06                       
  0.1507E+08    296.43    236.55     59.87     59.89  0.8390E+05  0.5025E+07  0.2515E+06                       
  0.2010E+08    258.58    198.75     59.83     59.85  0.8395E+05  0.5025E+07  0.3355E+06                       
  0.2512E+08    220.74    160.95     59.78     59.81  0.8402E+05  0.5025E+07  0.4195E+06                       
  0.3015E+08    182.90    123.17     59.73     59.76  0.8409E+05  0.5025E+07  0.5036E+06  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  B19      MODEL: HEATER           
 ------------------------------ 
   INLET STREAM:          S21      
   OUTLET STREAM:         S22      
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            96237.4         96237.4         0.00000     
       MASS(KG/HR   )            385200.         385200.         0.00000     
       ENTHALPY(CAL/SEC )       0.707679E+07    0.355869E+07    0.497133     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                        50.0000      
   SPECIFIED PRESSURE                   BAR                      35.5000      
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                           ***  RESULTS  *** 
   OUTLET TEMPERATURE    C                                    50.000     
   OUTLET PRESSURE       BAR                                  35.500     
   HEAT DUTY             CAL/SEC                            -0.35181E+07 
   OUTLET VAPOR FRACTION                                      1.0000     
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   V-L PHASE EQUILIBRIUM :  
 
      COMP              F(I)           X(I)           Y(I)           K(I)       
      HELIUM            1.0000         1.0000         1.0000         MISSING  
 
 BLOCK:  B20      MODEL: HEATER           
 ------------------------------ 
   INLET STREAM:          S11      
   OUTLET STREAM:         S18      
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            96237.4         96237.4         0.00000     
       MASS(KG/HR   )            385200.         385200.         0.00000     
       ENTHALPY(CAL/SEC )       0.979256E+07    0.625629E+07    0.361119     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                        69.7000      
   SPECIFIED PRESSURE                   BAR                      46.7000      
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                           ***  RESULTS  *** 
   OUTLET TEMPERATURE    C                                    69.700     
   OUTLET PRESSURE       BAR                                  46.700     
   HEAT DUTY             CAL/SEC                            -0.35363E+07 
   OUTLET VAPOR FRACTION                                      1.0000     
 
   V-L PHASE EQUILIBRIUM :  
 
      COMP              F(I)           X(I)           Y(I)           K(I)       
      HELIUM            1.0000         1.0000         1.0000         MISSING  
 
 BLOCK:  B21      MODEL: HEATER           
 ------------------------------ 
   INLET STREAM:          S19      
   OUTLET STREAM:         S20      
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            96237.4         96237.4         0.00000     
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       MASS(KG/HR   )            385200.         385200.         0.00000     
       ENTHALPY(CAL/SEC )       0.124902E+08    0.635935E+07    0.490851     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                        69.7000      
   SPECIFIED PRESSURE                   BAR                      61.1000      
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                           ***  RESULTS  *** 
   OUTLET TEMPERATURE    C                                    69.700     
   OUTLET PRESSURE       BAR                                  61.100     
   HEAT DUTY             CAL/SEC                            -0.61308E+07 
   OUTLET VAPOR FRACTION                                      1.0000     
 
   V-L PHASE EQUILIBRIUM :  
 
      COMP              F(I)           X(I)           Y(I)           K(I)       
      HELIUM            1.0000         1.0000         1.0000         MISSING  
 
 BLOCK:  B22      MODEL: HEATER           
 ------------------------------ 
   INLET STREAM:          S23      
   OUTLET STREAM:         S24      
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            96237.4         96237.4         0.00000     
       MASS(KG/HR   )            385200.         385200.         0.00000     
       ENTHALPY(CAL/SEC )       0.211104E+08     842917.        0.960071     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                        30.0000      
   SPECIFIED PRESSURE                   BAR                      27.1000      
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
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                           ***  RESULTS  *** 
   OUTLET TEMPERATURE    C                                    30.000     
   OUTLET PRESSURE       BAR                                  27.100     
   HEAT DUTY             CAL/SEC                            -0.20268E+08 
   OUTLET VAPOR FRACTION                                      1.0000     
 
   V-L PHASE EQUILIBRIUM :  
 
      COMP              F(I)           X(I)           Y(I)           K(I)       
      HELIUM            1.0000         1.0000         1.0000         MISSING  
 
 BLOCK:  COM1     MODEL: COMPR            
 ----------------------------- 
   INLET STREAM:          S24      
   OUTLET STREAM:         S21      
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            96237.4         96237.4         0.00000     
       MASS(KG/HR   )            385200.         385200.         0.00000     
       ENTHALPY(CAL/SEC )        842917.        0.707679E+07   -0.880890     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                           ***  INPUT DATA  *** 
 
   ISENTROPIC CENTRIFUGAL COMPRESSOR 
    POWER SUPPLIED  KW                                  26,100.0         
    ISENTROPIC EFFICIENCY                                    0.70000     
    MECHANICAL EFFICIENCY                                    1.00000     
 
                           ***  RESULTS  *** 
 
    INDICATED  HORSEPOWER REQUIREMENT  KW               26,100.0         
    BRAKE      HORSEPOWER REQUIREMENT  KW               26,100.0         
    NET WORK REQUIRED                  KW               26,100.0         
    POWER LOSSES                       KW                    0.0         
    ISENTROPIC HORSEPOWER REQUIREMENT  KW               18,270.0         
    CALCULATED OUTLET PRES  BAR                             34.9352      
    CALCULATED OUTLET TEMP  C                               76.4994      
    ISENTROPIC TEMPERATURE  C                               62.4278      
    EFFICIENCY (POLYTR/ISENTR) USED                          0.70000     
    OUTLET VAPOR FRACTION                                    1.00000     
    HEAD DEVELOPED,       M-KGF/KG                      17,411.4         
    MECHANICAL EFFICIENCY USED                               1.00000     
    INLET HEAT CAPACITY RATIO                                1.67042     
    INLET VOLUMETRIC FLOW RATE , L/MIN               1,511,420.          
    OUTLET VOLUMETRIC FLOW RATE, L/MIN               1,354,770.          
 157 
    INLET  COMPRESSIBILITY FACTOR                            1.01316     
    OUTLET COMPRESSIBILITY FACTOR                            1.01502     
    AV. ISENT. VOL. EXPONENT                                 1.69361     
    AV. ISENT. TEMP EXPONENT                                 1.66712     
    AV. ACTUAL VOL. EXPONENT                                 2.32094     
    AV. ACTUAL TEMP EXPONENT                                 2.28263     
 
 BLOCK:  COM2     MODEL: COMPR            
 ----------------------------- 
   INLET STREAM:          S22      
   OUTLET STREAM:         S11      
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            96237.4         96237.4         0.00000     
       MASS(KG/HR   )            385200.         385200.         0.00000     
       ENTHALPY(CAL/SEC )       0.355869E+07    0.979256E+07   -0.636593     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                           ***  INPUT DATA  *** 
 
   ISENTROPIC CENTRIFUGAL COMPRESSOR 
    POWER SUPPLIED  KW                                  26,100.0         
    ISENTROPIC EFFICIENCY                                    0.70000     
    MECHANICAL EFFICIENCY                                    1.00000     
 
                           ***  RESULTS  *** 
 
    INDICATED  HORSEPOWER REQUIREMENT  KW               26,100.0         
    BRAKE      HORSEPOWER REQUIREMENT  KW               26,100.0         
    NET WORK REQUIRED                  KW               26,100.0         
    POWER LOSSES                       KW                    0.0         
    ISENTROPIC HORSEPOWER REQUIREMENT  KW               18,270.0         
    CALCULATED OUTLET PRES  BAR                             45.0487      
    CALCULATED OUTLET TEMP  C                               96.3900      
    ISENTROPIC TEMPERATURE  C                               82.3209      
    EFFICIENCY (POLYTR/ISENTR) USED                          0.70000     
    OUTLET VAPOR FRACTION                                    1.00000     
    HEAD DEVELOPED,       M-KGF/KG                      17,411.4         
    MECHANICAL EFFICIENCY USED                               1.00000     
    INLET HEAT CAPACITY RATIO                                1.67079     
    INLET VOLUMETRIC FLOW RATE , L/MIN               1,233,800.          
    OUTLET VOLUMETRIC FLOW RATE, L/MIN               1,114,190.          
    INLET  COMPRESSIBILITY FACTOR                            1.01636     
    OUTLET COMPRESSIBILITY FACTOR                            1.01850     
    AV. ISENT. VOL. EXPONENT                                 1.69977     
    AV. ISENT. TEMP EXPONENT                                 1.66716     
    AV. ACTUAL VOL. EXPONENT                                 2.33613     
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    AV. ACTUAL TEMP EXPONENT                                 2.28898     
 
 BLOCK:  COM3     MODEL: COMPR            
 ----------------------------- 
   INLET STREAM:          S18      
   OUTLET STREAM:         S19      
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            96237.4         96237.4         0.00000     
       MASS(KG/HR   )            385200.         385200.         0.00000     
       ENTHALPY(CAL/SEC )       0.625629E+07    0.124902E+08   -0.499103     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                           ***  INPUT DATA  *** 
 
   ISENTROPIC CENTRIFUGAL COMPRESSOR 
    POWER SUPPLIED  KW                                  26,100.0         
    ISENTROPIC EFFICIENCY                                    0.70000     
    MECHANICAL EFFICIENCY                                    1.00000     
 
                           ***  RESULTS  *** 
 
    INDICATED  HORSEPOWER REQUIREMENT  KW               26,100.0         
    BRAKE      HORSEPOWER REQUIREMENT  KW               26,100.0         
    NET WORK REQUIRED                  KW               26,100.0         
    POWER LOSSES                       KW                    0.0         
    ISENTROPIC HORSEPOWER REQUIREMENT  KW               18,270.0         
    CALCULATED OUTLET PRES  BAR                             58.4365      
    CALCULATED OUTLET TEMP  C                              115.949       
    ISENTROPIC TEMPERATURE  C                              101.883       
    EFFICIENCY (POLYTR/ISENTR) USED                          0.70000     
    OUTLET VAPOR FRACTION                                    1.00000     
    HEAD DEVELOPED,       M-KGF/KG                      17,411.4         
    MECHANICAL EFFICIENCY USED                               1.00000     
    INLET HEAT CAPACITY RATIO                                1.67123     
    INLET VOLUMETRIC FLOW RATE , L/MIN                 999,142.          
    OUTLET VOLUMETRIC FLOW RATE, L/MIN                 908,390.          
    INLET  COMPRESSIBILITY FACTOR                            1.02052     
    OUTLET COMPRESSIBILITY FACTOR                            1.02300     
    AV. ISENT. VOL. EXPONENT                                 1.70773     
    AV. ISENT. TEMP EXPONENT                                 1.66720     
    AV. ACTUAL VOL. EXPONENT                                 2.35442     
    AV. ACTUAL TEMP EXPONENT                                 2.29580     
 
 BLOCK:  COM4     MODEL: COMPR            
 ----------------------------- 
   INLET STREAM:          S20      
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   OUTLET STREAM:         COLDIN   
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            96237.4         96237.4         0.00000     
       MASS(KG/HR   )            385200.         385200.         0.00000     
       ENTHALPY(CAL/SEC )       0.635935E+07    0.136027E+08   -0.532492     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                           ***  INPUT DATA  *** 
 
   ISENTROPIC CENTRIFUGAL COMPRESSOR 
    OUTLET PRESSURE  BAR                                    79.0000      
    ISENTROPIC EFFICIENCY                                    0.70000     
    MECHANICAL EFFICIENCY                                    1.00000     
 
                           ***  RESULTS  *** 
 
    INDICATED  HORSEPOWER REQUIREMENT  KW               30,326.3         
    BRAKE      HORSEPOWER REQUIREMENT  KW               30,326.3         
    NET WORK REQUIRED                  KW               30,326.3         
    POWER LOSSES                       KW                    0.0         
    ISENTROPIC HORSEPOWER REQUIREMENT  KW               21,228.4         
    CALCULATED OUTLET TEMP  C                              123.168       
    ISENTROPIC TEMPERATURE  C                              106.831       
    EFFICIENCY (POLYTR/ISENTR) USED                          0.70000     
    OUTLET VAPOR FRACTION                                    1.00000     
    HEAD DEVELOPED,       M-KGF/KG                      20,230.8         
    MECHANICAL EFFICIENCY USED                               1.00000     
    INLET HEAT CAPACITY RATIO                                1.67211     
    INLET VOLUMETRIC FLOW RATE , L/MIN                 768,497.          
    OUTLET VOLUMETRIC FLOW RATE, L/MIN                 689,584.          
    INLET  COMPRESSIBILITY FACTOR                            1.02697     
    OUTLET COMPRESSIBILITY FACTOR                            1.03074     
    AV. ISENT. VOL. EXPONENT                                 1.72122     
    AV. ISENT. TEMP EXPONENT                                 1.66726     
    AV. ACTUAL VOL. EXPONENT                                 2.37140     
    AV. ACTUAL TEMP EXPONENT                                 2.29384     
 
 BLOCK:  T1       MODEL: COMPR            
 ----------------------------- 
   INLET STREAM:          2        
   OUTLET STREAM:         S6       
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
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       MOLE(KMOL/HR )            96237.4         96237.4         0.00000     
       MASS(KG/HR   )            385200.         385200.         0.00000     
       ENTHALPY(CAL/SEC )       0.105859E+09    0.932480E+08    0.119131     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                           ***  INPUT DATA  *** 
 
   ISENTROPIC TURBINE 
    POWER SUPPLIED  KW                                  52,800.0         
    ISENTROPIC EFFICIENCY                                    0.90000     
    MECHANICAL EFFICIENCY                                    1.00000     
 
                           ***  RESULTS  *** 
 
    INDICATED  HORSEPOWER REQUIREMENT  KW              -52,800.0         
    BRAKE      HORSEPOWER REQUIREMENT  KW              -52,800.0         
    NET WORK REQUIRED                  KW              -52,800.0         
    POWER LOSSES                       KW                    0.0         
    ISENTROPIC HORSEPOWER REQUIREMENT  KW              -58,666.7         
    CALCULATED OUTLET PRES  BAR                             61.4283      
    CALCULATED OUTLET TEMP  C                              723.796       
    ISENTROPIC TEMPERATURE  C                              713.242       
    EFFICIENCY (POLYTR/ISENTR) USED                          0.90000     
    OUTLET VAPOR FRACTION                                    1.00000     
    HEAD DEVELOPED,       M-KGF/KG                     -55,909.7         
    MECHANICAL EFFICIENCY USED                               1.00000     
    INLET HEAT CAPACITY RATIO                                1.66855     
    INLET VOLUMETRIC FLOW RATE , L/MIN               1,863,320.          
    OUTLET VOLUMETRIC FLOW RATE, L/MIN               2,186,130.          
    INLET  COMPRESSIBILITY FACTOR                            1.01190     
    OUTLET COMPRESSIBILITY FACTOR                            1.01007     
    AV. ISENT. VOL. EXPONENT                                 1.68585     
    AV. ISENT. TEMP EXPONENT                                 1.66680     
    AV. ACTUAL VOL. EXPONENT                                 1.57462     
    AV. ACTUAL TEMP EXPONENT                                 1.55701     
 
 BLOCK:  T2       MODEL: COMPR            
 ----------------------------- 
   INLET STREAM:          S6       
   OUTLET STREAM:         S7       
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            96237.4         96237.4         0.00000     
       MASS(KG/HR   )            385200.         385200.         0.00000     
       ENTHALPY(CAL/SEC )       0.932480E+08    0.806369E+08    0.135242     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
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    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                           ***  INPUT DATA  *** 
 
   ISENTROPIC TURBINE 
    POWER SUPPLIED  KW                                  52,800.0         
    ISENTROPIC EFFICIENCY                                    0.90000     
    MECHANICAL EFFICIENCY                                    1.00000     
 
                           ***  RESULTS  *** 
 
    INDICATED  HORSEPOWER REQUIREMENT  KW              -52,800.0         
    BRAKE      HORSEPOWER REQUIREMENT  KW              -52,800.0         
    NET WORK REQUIRED                  KW              -52,800.0         
    POWER LOSSES                       KW                    0.0         
    ISENTROPIC HORSEPOWER REQUIREMENT  KW              -58,666.7         
    CALCULATED OUTLET PRES  BAR                             46.5595      
    CALCULATED OUTLET TEMP  C                              629.727       
    ISENTROPIC TEMPERATURE  C                              619.173       
    EFFICIENCY (POLYTR/ISENTR) USED                          0.90000     
    OUTLET VAPOR FRACTION                                    1.00000     
    HEAD DEVELOPED,       M-KGF/KG                     -55,909.7         
    MECHANICAL EFFICIENCY USED                               1.00000     
    INLET HEAT CAPACITY RATIO                                1.66849     
    INLET VOLUMETRIC FLOW RATE , L/MIN               2,186,130.          
    OUTLET VOLUMETRIC FLOW RATE, L/MIN               2,607,740.          
    INLET  COMPRESSIBILITY FACTOR                            1.01007     
    OUTLET COMPRESSIBILITY FACTOR                            1.00838     
    AV. ISENT. VOL. EXPONENT                                 1.68283     
    AV. ISENT. TEMP EXPONENT                                 1.66679     
    AV. ACTUAL VOL. EXPONENT                                 1.57151     
    AV. ACTUAL TEMP EXPONENT                                 1.55670     
 
 BLOCK:  T3       MODEL: COMPR            
 ----------------------------- 
   INLET STREAM:          S7       
   OUTLET STREAM:         HOTIN    
   PROPERTY OPTION SET:   PENG-ROB  STANDARD PR EQUATION OF STATE                
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            96237.4         96237.4         0.00000     
       MASS(KG/HR   )            385200.         385200.         0.00000     
       ENTHALPY(CAL/SEC )       0.806369E+08    0.512588E+08    0.364325     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      KG/HR            
    PRODUCT STREAMS CO2E          0.00000      KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
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                           ***  INPUT DATA  *** 
 
   ISENTROPIC TURBINE 
    POWER SUPPLIED  KW                                 123,000.          
    ISENTROPIC EFFICIENCY                                    0.90000     
    MECHANICAL EFFICIENCY                                    1.00000     
 
                           ***  RESULTS  *** 
 
    INDICATED  HORSEPOWER REQUIREMENT  KW             -123,000.          
    BRAKE      HORSEPOWER REQUIREMENT  KW             -123,000.          
    NET WORK REQUIRED                  KW             -123,000.          
    POWER LOSSES                       KW                    0.0         
    ISENTROPIC HORSEPOWER REQUIREMENT  KW             -136,667.          
    CALCULATED OUTLET PRES  BAR                             21.1553      
    CALCULATED OUTLET TEMP  C                              409.974       
    ISENTROPIC TEMPERATURE  C                              385.385       
    EFFICIENCY (POLYTR/ISENTR) USED                          0.90000     
    OUTLET VAPOR FRACTION                                    1.00000     
    HEAD DEVELOPED,       M-KGF/KG                    -130,244.          
    MECHANICAL EFFICIENCY USED                               1.00000     
    INLET HEAT CAPACITY RATIO                                1.66843     
    INLET VOLUMETRIC FLOW RATE , L/MIN               2,607,740.          
    OUTLET VOLUMETRIC FLOW RATE, L/MIN               4,327,520.          
    INLET  COMPRESSIBILITY FACTOR                            1.00838     
    OUTLET COMPRESSIBILITY FACTOR                            1.00494     
    AV. ISENT. VOL. EXPONENT                                 1.67831     
    AV. ISENT. TEMP EXPONENT                                 1.66678     
    AV. ACTUAL VOL. EXPONENT                                 1.55740     
    AV. ACTUAL TEMP EXPONENT                                 1.54695     
 
D.2 S-CO2 Process 
 BLOCK:  H1       MODEL: MHEATX           
 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                HOT              S6       
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                COLDIN           COLDOUT  
 
   PROPERTIES FOR STREAM COLDIN   
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
   PROPERTIES FOR STREAM HOT      
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            147240.         147240.         0.00000     
 163 
       MASS(KG/HR   )           0.648000E+07    0.648000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.352581E+10   -0.352581E+10    0.135242E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.648000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.648000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM COLDIN  : 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                       710.000       
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM HOT     : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  COLDIN     0.31628E+08    710.00      80.000         1.0000 
  HOT       -0.31628E+08    725.87      77.300         1.0000 
 
                   --------------------------------- 
                   |                                           | 
  COLDIN  |                                           | COLDOUT  
     --------->|    98160.     KMOL/HR    |---------> 
       620.40 |                                           |   710.00 
                   |                                           | 
        S6       |                                           | HOT      
     <---------|   49080.     KMOL/HR     |<--------- 
       725.87 |                                           |   900.00 
                   |                                           | 
                   --------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             -.31628E+08 CAL/SEC      
  UA                               0.21978E+06 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            143.90     C    
  MIN TEMP APPROACH                 105.46     C    
  HOT-SIDE TEMP APPROACH            190.00     C    
  COLD-SIDE TEMP APPROACH           105.46     C    
  HOT-SIDE NTU                      1.2101     
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  COLD-SIDE NTU                    0.62263     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        900.00    710.00    190.00                                                                     
  0.5271E+07    871.34    695.19    176.15    182.99  0.2881E+05  0.5271E+07  0.2881E+05                       
  0.1054E+08    842.54    680.33    162.22    169.09  0.3117E+05  0.5271E+07  0.5998E+05                       
  0.1581E+08    813.61    665.42    148.19    155.10  0.3399E+05  0.5271E+07  0.9397E+05                       
  0.2109E+08    784.52    650.46    134.06    141.00  0.3738E+05  0.5271E+07  0.1314E+06                       
  0.2636E+08    755.28    635.46    119.82    126.80  0.4157E+05  0.5271E+07  0.1729E+06                       
  0.3163E+08    725.86    620.40    105.46    112.49  0.4686E+05  0.5271E+07  0.2198E+06  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  H1       MODEL: MHEATX           
 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                HOT              S6       
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                COLDIN           COLDOUT  
 
   PROPERTIES FOR STREAM COLDIN   
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
   PROPERTIES FOR STREAM HOT      
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            147240.         147240.         0.00000     
       MASS(KG/HR   )           0.648000E+07    0.648000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.352581E+10   -0.352581E+10    0.135242E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.648000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.648000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM COLDIN  : 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                       710.000       
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
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   SPECIFICATIONS FOR STREAM HOT     : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  COLDIN     0.31628E+08    710.00      80.000         1.0000 
  HOT       -0.31628E+08    725.87      77.300         1.0000 
 
                   -------------------------------- 
                   |                                          | 
  COLDIN  |                                          | COLDOUT  
     --------->|   98160.     KMOL/HR    |---------> 
       620.40 |                                          |   710.00 
                   |                                          | 
        S6       |                                          | HOT      
     <---------|    49080.    KMOL/HR     |<--------- 
       725.87 |                                          |   900.00 
                   |                                          | 
                   --------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             -.31628E+08 CAL/SEC      
  UA                               0.21978E+06 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            143.90     C    
  MIN TEMP APPROACH                 105.46     C    
  HOT-SIDE TEMP APPROACH            190.00     C    
  COLD-SIDE TEMP APPROACH           105.46     C    
  HOT-SIDE NTU                      1.2101     
  COLD-SIDE NTU                    0.62263     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        900.00    710.00    190.00                                                                     
  0.5271E+07    871.34    695.19    176.15    182.99  0.2881E+05  0.5271E+07  0.2881E+05                       
  0.1054E+08    842.54    680.33    162.22    169.09  0.3117E+05  0.5271E+07  0.5998E+05                       
  0.1581E+08    813.61    665.42    148.19    155.10  0.3399E+05  0.5271E+07  0.9397E+05                       
  0.2109E+08    784.52    650.46    134.06    141.00  0.3738E+05  0.5271E+07  0.1314E+06                       
  0.2636E+08    755.28    635.46    119.82    126.80  0.4157E+05  0.5271E+07  0.1729E+06                       
  0.3163E+08    725.86    620.40    105.46    112.49  0.4686E+05  0.5271E+07  0.2198E+06  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  H2       MODEL: MHEATX           
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 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                S6               RCTR1    
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                S5               3        
 
   PROPERTIES FOR STREAM S5       
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
   PROPERTIES FOR STREAM S6       
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            147240.         147240.         0.00000     
       MASS(KG/HR   )           0.648000E+07    0.648000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.354763E+10   -0.354763E+10     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.648000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.648000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM S5      : 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                       660.000       
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM S6      : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  S5         0.44620E+07    660.00      55.000         1.0000 
  S6        -0.44620E+07    700.83      77.300         1.0000 
 
              --------------------------------- 
              |                                           | 
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    S5       |                                              | 3        
 --------->|     98160.     KMOL/HR      |---------> 
   647.26 |                                              |   660.00 
               |                                              | 
  RCTR1 |                                             | S6       
 <---------|   49080.     KMOL/HR        |<--------- 
  700.83 |                                               |   725.87 
               |                                              | 
               ------------------------------------ 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             -.44620E+07 CAL/SEC      
  UA                                74978.     CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            59.511     C    
  MIN TEMP APPROACH                 53.566     C    
  HOT-SIDE TEMP APPROACH            65.868     C    
  COLD-SIDE TEMP APPROACH           53.566     C    
  HOT-SIDE NTU                     0.42067     
  COLD-SIDE NTU                    0.21401     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        725.87    660.00     65.87                                                                     
  0.7437E+06    721.70    657.88     63.82     64.84  0.1147E+05  0.7437E+06  0.1147E+05                       
  0.1487E+07    717.53    655.76     61.78     62.79  0.1184E+05  0.7437E+06  0.2331E+05                       
  0.2231E+07    713.36    653.64     59.73     60.75  0.1224E+05  0.7437E+06  0.3556E+05                       
  0.2975E+07    709.19    651.51     57.68     58.70  0.1267E+05  0.7437E+06  0.4823E+05                       
  0.3718E+07    705.01    649.39     55.62     56.64  0.1313E+05  0.7437E+06  0.6135E+05                       
  0.4462E+07    700.83    647.26     53.57     54.59  0.1362E+05  0.7437E+06  0.7498E+05  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  H2       MODEL: MHEATX           
 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                S6               RCTR1    
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                S5               3        
 
   PROPERTIES FOR STREAM S5       
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
   PROPERTIES FOR STREAM S6       
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
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    TOTAL BALANCE 
       MOLE(KMOL/HR )            147240.         147240.         0.00000     
       MASS(KG/HR   )           0.648000E+07    0.648000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.354763E+10   -0.354763E+10     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.648000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.648000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM S5      : 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                       660.000       
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM S6      : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  S5         0.44620E+07    660.00      55.000         1.0000 
  S6        -0.44620E+07    700.83      77.300         1.0000 
 
                 ----------------------------------- 
                 |                                             | 
     S5        |                                             | 3        
 --------->  |    98160.     KMOL/HR      |---------> 
     647.26 |                                             |   660.00 
                 |                                             | 
  RCTR1   |                                             | S6       
   <---------|   49080.     KMOL/HR        |<--------- 
     700.83 |                                             |   725.87 
                 |                                             | 
                 ----------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             -.44620E+07 CAL/SEC      
  UA                                74978.     CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            59.511     C    
  MIN TEMP APPROACH                 53.566     C    
  HOT-SIDE TEMP APPROACH            65.868     C    
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  COLD-SIDE TEMP APPROACH           53.566     C    
  HOT-SIDE NTU                     0.42067     
  COLD-SIDE NTU                    0.21401     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        725.87    660.00     65.87                                                                     
  0.7437E+06    721.70    657.88     63.82     64.84  0.1147E+05  0.7437E+06  0.1147E+05                       
  0.1487E+07    717.53    655.76     61.78     62.79  0.1184E+05  0.7437E+06  0.2331E+05                       
  0.2231E+07    713.36    653.64     59.73     60.75  0.1224E+05  0.7437E+06  0.3556E+05                       
  0.2975E+07    709.19    651.51     57.68     58.70  0.1267E+05  0.7437E+06  0.4823E+05                       
  0.3718E+07    705.01    649.39     55.62     56.64  0.1313E+05  0.7437E+06  0.6135E+05                       
  0.4462E+07    700.83    647.26     53.57     54.59  0.1362E+05  0.7437E+06  0.7498E+05  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  H3       MODEL: MHEATX           
 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                RCTR1            11       
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                1                2        
 
   PROPERTIES FOR STREAM RCTR1    
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
   PROPERTIES FOR STREAM 1        
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            147240.         147240.         0.00000     
       MASS(KG/HR   )           0.648000E+07    0.648000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.356413E+10   -0.356413E+10     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.648000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.648000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM RCTR1   : 
   ONE    PHASE  TP  FLASH   SPECIFIED PHASE IS  VAPOR   
   SPECIFIED TEMPERATURE                C                       615.000       
   PRESSURE DROP                        BAR                       0.0         
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   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM 1       : 
   THREE  PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY        TEMPERATURE  PRESSURE     VAPOR FRAC  BETA 
            CAL/SEC      C            BAR      
 
  RCTR1     -0.15116E+08    615.00      77.300         1.0000 
  1          0.15116E+08    655.44      40.820         1.0000      1.0000 
 
                --------------------------------- 
                |                                           | 
  RCTR1  |                                          | 11       
  --------->|   49080.     KMOL/HR     |---------> 
    700.83 |                                           |   615.00 
                |                                           | 
      2        |                                           | 1        
  <---------|   98160.     KMOL/HR     |<--------- 
    655.44 |                                           |   611.96 
                |                                           | 
                ---------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             0.15116E+08 CAL/SEC      
  UA                               0.95952E+06 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            15.754     C    
  MIN TEMP APPROACH                 3.0444     C    
  HOT-SIDE TEMP APPROACH            45.389     C    
  COLD-SIDE TEMP APPROACH           3.0444     C    
  HOT-SIDE NTU                      5.4483     
  COLD-SIDE NTU                     2.7605     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        615.00    611.96      3.04                                                GBL                  
  0.2519E+07    629.42    619.24     10.18      5.91  0.4261E+06  0.2519E+07  0.4261E+06                       
  0.5039E+07    643.79    626.51     17.29     13.42  0.1877E+06  0.2519E+07  0.6138E+06                       
  0.7558E+07    658.12    633.76     24.36     20.62  0.1222E+06  0.2519E+07  0.7360E+06                       
  0.1008E+08    672.40    641.00     31.40     27.73  0.9085E+05  0.2519E+07  0.8268E+06                       
  0.1260E+08    686.64    648.23     38.41     34.79  0.7243E+05  0.2519E+07  0.8992E+06                       
  0.1512E+08    700.83    655.44     45.39     41.80  0.6027E+05  0.2519E+07  0.9595E+06                       
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  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  H3       MODEL: MHEATX           
 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                RCTR1            11       
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                1                2        
 
   PROPERTIES FOR STREAM RCTR1    
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
   PROPERTIES FOR STREAM 1        
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            147240.         147240.         0.00000     
       MASS(KG/HR   )           0.648000E+07    0.648000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.356413E+10   -0.356413E+10     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.648000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.648000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM RCTR1   : 
   ONE    PHASE  TP  FLASH   SPECIFIED PHASE IS  VAPOR   
   SPECIFIED TEMPERATURE                C                       615.000       
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM 1       : 
   THREE  PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY        TEMPERATURE  PRESSURE     VAPOR FRAC  BETA 
            CAL/SEC      C            BAR      
 
  RCTR1     -0.15116E+08    615.00      77.300         1.0000 
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  1          0.15116E+08    655.44      40.820         1.0000      1.0000 
 
                --------------------------------- 
                |                                          | 
  RCTR1 |                                          | 11       
 --------->|   49080.     KMOL/HR     |---------> 
    700.83 |                                          |   615.00 
                |                                          | 
      2        |                                          | 1        
  <---------|   98160.     KMOL/HR    |<--------- 
    655.44 |                                          |   611.96 
                |                                          | 
                --------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             0.15116E+08 CAL/SEC      
  UA                               0.95952E+06 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            15.754     C    
  MIN TEMP APPROACH                 3.0444     C    
  HOT-SIDE TEMP APPROACH            45.389     C    
  COLD-SIDE TEMP APPROACH           3.0444     C    
  HOT-SIDE NTU                      5.4483     
  COLD-SIDE NTU                     2.7605     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        615.00    611.96      3.04                                                GBL                  
  0.2519E+07    629.42    619.24     10.18      5.91  0.4261E+06  0.2519E+07  0.4261E+06                       
  0.5039E+07    643.79    626.51     17.29     13.42  0.1877E+06  0.2519E+07  0.6138E+06                       
  0.7558E+07    658.12    633.76     24.36     20.62  0.1222E+06  0.2519E+07  0.7360E+06                       
  0.1008E+08    672.40    641.00     31.40     27.73  0.9085E+05  0.2519E+07  0.8268E+06                       
  0.1260E+08    686.64    648.23     38.41     34.79  0.7243E+05  0.2519E+07  0.8992E+06                       
  0.1512E+08    700.83    655.44     45.39     41.80  0.6027E+05  0.2519E+07  0.9595E+06                       
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  H4       MODEL: MHEATX           
 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                2                S8       
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                COLD             COLDIN   
 
   PROPERTIES FOR STREAM COLD     
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
   PROPERTIES FOR STREAM 2        
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   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            196320.         196320.         0.00000     
       MASS(KG/HR   )           0.864000E+07    0.864000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.493891E+10   -0.493891E+10     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.864000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.864000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM COLD    : 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                       620.400       
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM 2       : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  COLD       0.18367E+09    620.40      80.000         1.0000 
  2         -0.18367E+09     88.47      40.820         1.0000 
 
                 ------------------------------------ 
                 |                                               | 
  COLD     |                                              | COLDIN   
   --------->|       98160.     KMOL/HR      |---------> 
       80.14 |                                                |   620.40 
                 |                                                | 
      S8       |                                                | 2        
   <---------|    98160.     KMOL/HR         |<--------- 
       88.47 |                                                |   655.44 
                 |                                                | 
                 ------------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             -.18367E+09 CAL/SEC      
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  UA                               0.67011E+07 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            27.409     C    
  MIN TEMP APPROACH                 8.3237     C    
  HOT-SIDE TEMP APPROACH            35.044     C    
  COLD-SIDE TEMP APPROACH           8.3237     C    
  HOT-SIDE NTU                      20.686     
  COLD-SIDE NTU                     19.711     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        655.44    620.40     35.04                                                                     
  0.3061E+08    566.86    531.88     34.97     35.01  0.8744E+06  0.3061E+08  0.8744E+06                       
  0.6122E+08    476.02    441.40     34.63     34.80  0.8797E+06  0.3061E+08  0.1754E+07                       
  0.9184E+08    382.58    348.92     33.66     34.14  0.8966E+06  0.3061E+08  0.2651E+07                       
  0.1224E+09    286.25    255.02     31.23     32.43  0.9439E+06  0.3061E+08  0.3595E+07                       
  0.1531E+09    187.32    162.24     25.08     28.04  0.1092E+07  0.3061E+08  0.4686E+07                       
  0.1837E+09     88.47     80.14      8.32     15.19  0.2015E+07  0.3061E+08  0.6701E+07  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  H4       MODEL: MHEATX           
 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                2                S8       
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                COLD             COLDIN   
 
   PROPERTIES FOR STREAM COLD     
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
   PROPERTIES FOR STREAM 2        
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            196320.         196320.         0.00000     
       MASS(KG/HR   )           0.864000E+07    0.864000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.493891E+10   -0.493891E+10     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.864000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.864000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
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   SPECIFICATIONS FOR STREAM COLD    : 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                       620.400       
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM 2       : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  COLD       0.18367E+09    620.40      80.000         1.0000 
  2         -0.18367E+09     88.47      40.820         1.0000 
 
                ---------------------------------- 
                |                                            | 
  COLD   |                                            | COLDIN   
  --------->|    98160.     KMOL/HR     |---------> 
      80.14 |                                            |   620.40 
                |                                            | 
     S8       |                                            | 2        
  <---------|    98160.     KMOL/HR      |<--------- 
     88.47 |                                              |   655.44 
                |                                             | 
                ----------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             -.18367E+09 CAL/SEC      
  UA                               0.67011E+07 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            27.409     C    
  MIN TEMP APPROACH                 8.3237     C    
  HOT-SIDE TEMP APPROACH            35.044     C    
  COLD-SIDE TEMP APPROACH           8.3237     C    
  HOT-SIDE NTU                      20.686     
  COLD-SIDE NTU                     19.711     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000        655.44    620.40     35.04                                                                     
  0.3061E+08    566.86    531.88     34.97     35.01  0.8744E+06  0.3061E+08  0.8744E+06                       
  0.6122E+08    476.02    441.40     34.63     34.80  0.8797E+06  0.3061E+08  0.1754E+07                       
  0.9184E+08    382.58    348.92     33.66     34.14  0.8966E+06  0.3061E+08  0.2651E+07                       
  0.1224E+09    286.25    255.02     31.23     32.43  0.9439E+06  0.3061E+08  0.3595E+07                       
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  0.1531E+09    187.32    162.24     25.08     28.04  0.1092E+07  0.3061E+08  0.4686E+07                       
  0.1837E+09     88.47     80.14      8.32     15.19  0.2015E+07  0.3061E+08  0.6701E+07  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  H5       MODEL: MHEATX           
 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                S8               4        
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                WATERIN          WATEROUT 
 
   PROPERTIES FOR STREAM S8       
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
   PROPERTIES FOR STREAM WATERIN  
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            397906.         397906.         0.00000     
       MASS(KG/HR   )           0.972000E+07    0.972000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.830262E+10   -0.830262E+10     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.432000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.432000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM S8      : 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                        28.0000      
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM WATERIN : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
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  S8        -0.20972E+08     28.00      40.820         1.0000 
  WATERIN    0.20972E+08     38.04      29.000         0.0000 
 
                        ------------------------------------ 
                        |                                              | 
             S8       |                                              | 4        
          --------->|     98160.     KMOL/HR       |---------> 
              88.47 |                                               |    28.00 
                        |                                               | 
 WATEROUT |                                              | WATERIN  
          <---------|  0.29975E+06 KMOL/HR   |<--------- 
             38.04 |                                               |    27.00 
                        |                                              | 
                        ------------------------------------ 
    
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             0.20972E+08 CAL/SEC      
  UA                               0.17977E+07 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            11.666     C    
  MIN TEMP APPROACH                 1.0000     C    
  HOT-SIDE TEMP APPROACH            50.431     C    
  COLD-SIDE TEMP APPROACH           1.0000     C    
  HOT-SIDE NTU                      5.1832     
  COLD-SIDE NTU                    0.94609     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000         28.00     27.00      1.00                                                GBL                  
  0.3495E+07     37.02     28.84      8.17      3.41  0.1024E+07  0.3495E+07  0.1024E+07                       
  0.6991E+07     46.59     30.69     15.90     11.61  0.3010E+06  0.3495E+07  0.1325E+07                       
  0.1049E+08     56.61     32.53     24.08     19.71  0.1773E+06  0.3495E+07  0.1502E+07                       
  0.1398E+08     66.97     34.37     32.61     28.13  0.1243E+06  0.3495E+07  0.1626E+07                       
  0.1748E+08     77.61     36.20     41.41     36.83  0.9490E+05  0.3495E+07  0.1721E+07                       
  0.2097E+08     88.47     38.04     50.43     45.77  0.7636E+05  0.3495E+07  0.1798E+07                       
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  H5       MODEL: MHEATX           
 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                S8               4        
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                WATERIN          WATEROUT 
 
   PROPERTIES FOR STREAM S8       
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
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   PROPERTIES FOR STREAM WATERIN  
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            397906.         397906.         0.00000     
       MASS(KG/HR   )           0.972000E+07    0.972000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.830262E+10   -0.830262E+10     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.432000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.432000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM S8      : 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                        28.0000      
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM WATERIN : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  S8        -0.20972E+08     28.00      40.820         1.0000 
  WATERIN    0.20972E+08     38.04      29.000         0.0000 
 
                         ----------------------------------- 
                         |                                              | 
              S8       |                                             | 4        
           --------->|      98160.    KMOL/HR      |---------> 
               88.47 |                                              |    28.00 
                         |                                              | 
  WATEROUT |                                             | WATERIN  
           <---------|  0.29975E+06 KMOL/HR  |<--------- 
               38.04 |                                              |    27.00 
                         |                                              | 
                         ------------------------------------ 
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                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             0.20972E+08 CAL/SEC      
  UA                               0.17977E+07 CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            11.666     C    
  MIN TEMP APPROACH                 1.0000     C    
  HOT-SIDE TEMP APPROACH            50.431     C    
  COLD-SIDE TEMP APPROACH           1.0000     C    
  HOT-SIDE NTU                      5.1832     
  COLD-SIDE NTU                    0.94609     
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000         28.00     27.00      1.00                                                GBL                  
  0.3495E+07     37.02     28.84      8.17      3.41  0.1024E+07  0.3495E+07  0.1024E+07                       
  0.6991E+07     46.59     30.69     15.90     11.61  0.3010E+06  0.3495E+07  0.1325E+07                       
  0.1049E+08     56.61     32.53     24.08     19.71  0.1773E+06  0.3495E+07  0.1502E+07                       
  0.1398E+08     66.97     34.37     32.61     28.13  0.1243E+06  0.3495E+07  0.1626E+07                       
  0.1748E+08     77.61     36.20     41.41     36.83  0.9490E+05  0.3495E+07  0.1721E+07                       
  0.2097E+08     88.47     38.04     50.43     45.77  0.7636E+05  0.3495E+07  0.1798E+07                       
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  H6       MODEL: MHEATX           
 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                5                6        
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                9                10       
 
   PROPERTIES FOR STREAM 9        
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
   PROPERTIES FOR STREAM 5        
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            397906.         397906.         0.00000     
       MASS(KG/HR   )           0.972000E+07    0.972000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.831801E+10   -0.831801E+10    0.229304E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.432000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.432000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
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    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM 9       : 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                        28.0000      
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM 5       : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
 
  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  9          0.18946E+07     28.00      29.000         0.0000 
  5         -0.18946E+07     55.20      60.000         1.0000 
 
               ------------------------------------- 
               |                                                | 
  9           |                                                | 10       
 --------->|   0.29975E+06 KMOL/HR    |---------> 
     27.00 |                                                 |    28.00 
               |                                                 | 
     6        |                                                 | 5        
 <---------|          98160.     KMOL/HR    |<--------- 
     55.20 |                                                 |    59.66 
               |                                                 | 
               -------------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             -.18946E+07 CAL/SEC      
  UA                                63399.     CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            29.884     C    
  MIN TEMP APPROACH                 28.203     C    
  HOT-SIDE TEMP APPROACH            31.660     C    
  COLD-SIDE TEMP APPROACH           28.203     C    
  HOT-SIDE NTU                     0.14915     
  COLD-SIDE NTU                    0.33463E-01 
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000         59.66     28.00     31.66                                                                     
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  0.3158E+06     58.91     27.83     31.07     31.36  0.1007E+05  0.3158E+06  0.1007E+05                       
  0.6315E+06     58.16     27.67     30.49     30.78  0.1026E+05  0.3158E+06  0.2033E+05                       
  0.9473E+06     57.41     27.50     29.91     30.20  0.1046E+05  0.3158E+06  0.3078E+05                       
  0.1263E+07     56.67     27.33     29.34     29.62  0.1066E+05  0.3158E+06  0.4144E+05                       
  0.1579E+07     55.93     27.17     28.77     29.05  0.1087E+05  0.3158E+06  0.5231E+05                       
  0.1895E+07     55.20     27.00     28.20     28.48  0.1109E+05  0.3158E+06  0.6340E+05  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  H6       MODEL: MHEATX           
 ------------------------------ 
 
   HOT SIDE:    INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                5                6        
 
   COLD SIDE:   INLET STREAM     OUTLET STREAM 
                ------------     ------------- 
                9                10       
 
   PROPERTIES FOR STREAM 9        
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
   PROPERTIES FOR STREAM 5        
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            397906.         397906.         0.00000     
       MASS(KG/HR   )           0.972000E+07    0.972000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.831801E+10   -0.831801E+10    0.229304E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.432000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.432000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                          ***  INPUT DATA  *** 
 
   SPECIFICATIONS FOR STREAM 9       : 
   TWO    PHASE  TP  FLASH 
   SPECIFIED TEMPERATURE                C                        28.0000      
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
   SPECIFICATIONS FOR STREAM 5       : 
   TWO    PHASE      FLASH 
   PRESSURE DROP                        BAR                       0.0         
   MAXIMUM NO. ITERATIONS                                        30 
   CONVERGENCE TOLERANCE                                          0.000100000 
 
                          ***  RESULTS  *** 
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  INLET                  OUTLET       OUTLET       OUTLET 
  STREAM    DUTY         TEMPERATURE  PRESSURE     VAPOR FRAC 
            CAL/SEC      C            BAR      
 
  9          0.18946E+07     28.00      29.000         0.0000 
  5         -0.18946E+07     55.20      60.000         1.0000 
 
                ------------------------------------- 
               |                                                 | 
  9           |                                                 | 10       
 --------->|   0.29975E+06 KMOL/HR     |---------> 
     27.00 |                                                 |    28.00 
               |                                                 | 
     6        |                                                 | 5        
 <---------|    98160.     KMOL/HR           |<--------- 
     55.20 |                                                 |    59.66 
               |                                                 | 
               -------------------------------------- 
 
                          ***  INTERNAL ANALYSIS  *** 
 
  FLOW IS COUNTERCURRENT. 
  DUTY                             -.18946E+07 CAL/SEC      
  UA                                63399.     CAL/SEC-K    
  AVERAGE LMTD (DUTY/UA)            29.884     C    
  MIN TEMP APPROACH                 28.203     C    
  HOT-SIDE TEMP APPROACH            31.660     C    
  COLD-SIDE TEMP APPROACH           28.203     C    
  HOT-SIDE NTU                     0.14915     
  COLD-SIDE NTU                    0.33463E-01 
 
  DUTY          T HOT     T COLD    DELTA T   LMTD    UA ZONE     Q ZONE      UA          PINCH  STREAM 
IN/OUT/DEW/  
                                                                                          POINT  BUBBLE POINT  
  CAL/SEC         C         C         C         C     CAL/SEC-K   CAL/SEC     CAL/SEC-K   
 
   0.000         59.66     28.00     31.66                                                                     
  0.3158E+06     58.91     27.83     31.07     31.36  0.1007E+05  0.3158E+06  0.1007E+05                       
  0.6315E+06     58.16     27.67     30.49     30.78  0.1026E+05  0.3158E+06  0.2033E+05                       
  0.9473E+06     57.41     27.50     29.91     30.20  0.1046E+05  0.3158E+06  0.3078E+05                       
  0.1263E+07     56.67     27.33     29.34     29.62  0.1066E+05  0.3158E+06  0.4144E+05                       
  0.1579E+07     55.93     27.17     28.77     29.05  0.1087E+05  0.3158E+06  0.5231E+05                       
  0.1895E+07     55.20     27.00     28.20     28.48  0.1109E+05  0.3158E+06  0.6340E+05  GBL                  
 
  GBL = GLOBAL     LOC = LOCAL     DP  = DEW POINT     BP  = BUBBLE POINT 
 
 BLOCK:  B2       MODEL: COMPR            
 ----------------------------- 
   INLET STREAM:          3        
   OUTLET STREAM:         1        
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
 183 
       MOLE(KMOL/HR )            98160.0         98160.0         0.00000     
       MASS(KG/HR   )           0.432000E+07    0.432000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.236980E+10   -0.238629E+10    0.691129E-02 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.432000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.432000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                           ***  INPUT DATA  *** 
 
   POLYTROPIC COMPRESSOR USING ASME METHOD 
    OUTLET PRESSURE  BAR                                    40.8200      
    POLYTROPIC EFFICIENCY                                    0.90000     
    MECHANICAL EFFICIENCY                                    1.00000     
 
                           ***  RESULTS  *** 
 
    INDICATED  HORSEPOWER REQUIREMENT  KW              -69,050.2         
    BRAKE      HORSEPOWER REQUIREMENT  KW              -69,050.2         
    NET WORK REQUIRED                  KW              -69,050.2         
    POWER LOSSES                       KW                    0.0         
    ISENTROPIC HORSEPOWER REQUIREMENT  KW              -62,309.6         
    CALCULATED OUTLET TEMP  C                              611.956       
    EFFICIENCY (POLYTR/ISENTR) USED                          0.90000     
    OUTLET VAPOR FRACTION                                    1.00000     
    HEAD DEVELOPED,       M-KGF/KG                      -5,280.87        
    MECHANICAL EFFICIENCY USED                               1.00000     
    INLET HEAT CAPACITY RATIO                                1.19628     
    INLET VOLUMETRIC FLOW RATE , L/MIN               2,339,690.          
    OUTLET VOLUMETRIC FLOW RATE, L/MIN               2,976,960.          
    INLET  COMPRESSIBILITY FACTOR                            1.01382     
    OUTLET COMPRESSIBILITY FACTOR                            1.00935     
    AV. ISENT. VOL. EXPONENT                                 1.21098     
    AV. ISENT. TEMP EXPONENT                                 1.19004     
    AV. ACTUAL VOL. EXPONENT                                 1.23777     
    AV. ACTUAL TEMP EXPONENT                                 1.21549     
 
 BLOCK:  B5       MODEL: COMPR            
 ----------------------------- 
   INLET STREAM:          4        
   OUTLET STREAM:         5        
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            98160.0         98160.0         0.00000     
       MASS(KG/HR   )           0.432000E+07    0.432000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.257582E+10   -0.257024E+10   -0.216648E-02 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.432000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.432000E+07  KG/HR            
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    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                           ***  INPUT DATA  *** 
 
   POLYTROPIC COMPRESSOR USING ASME METHOD 
    OUTLET PRESSURE  BAR                                    60.0000      
    POLYTROPIC EFFICIENCY                                    0.90000     
    MECHANICAL EFFICIENCY                                    1.00000     
 
                           ***  RESULTS  *** 
 
    INDICATED  HORSEPOWER REQUIREMENT  KW               23,364.3         
    BRAKE      HORSEPOWER REQUIREMENT  KW               23,364.3         
    NET WORK REQUIRED                  KW               23,364.3         
    POWER LOSSES                       KW                    0.0         
    ISENTROPIC HORSEPOWER REQUIREMENT  KW               20,915.8         
    CALCULATED OUTLET TEMP  C                               59.6597      
    EFFICIENCY (POLYTR/ISENTR) USED                          0.90000     
    OUTLET VAPOR FRACTION                                    1.00000     
    HEAD DEVELOPED,       M-KGF/KG                       1,786.87        
    MECHANICAL EFFICIENCY USED                               1.00000     
    INLET HEAT CAPACITY RATIO                                1.79260     
    INLET VOLUMETRIC FLOW RATE , L/MIN                 764,161.          
    OUTLET VOLUMETRIC FLOW RATE, L/MIN                 573,253.          
    INLET  COMPRESSIBILITY FACTOR                            0.76149     
    OUTLET COMPRESSIBILITY FACTOR                            0.75979     
    AV. ISENT. VOL. EXPONENT                                 1.29255     
    AV. ISENT. TEMP EXPONENT                                 1.33090     
    AV. ACTUAL VOL. EXPONENT                                 1.33996     
    AV. ACTUAL TEMP EXPONENT                                 1.35049     
 
 BLOCK:  COMPR    MODEL: COMPR            
 ----------------------------- 
   INLET STREAM:          6        
   OUTLET STREAM:         COLD     
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            98160.0         98160.0         0.00000     
       MASS(KG/HR   )           0.432000E+07    0.432000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.257213E+10   -0.256774E+10   -0.170839E-02 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.432000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.432000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                           ***  INPUT DATA  *** 
 
   POLYTROPIC COMPRESSOR USING ASME METHOD 
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    OUTLET PRESSURE  BAR                                    80.0000      
    POLYTROPIC EFFICIENCY                                    0.90000     
    MECHANICAL EFFICIENCY                                    1.00000     
 
                           ***  RESULTS  *** 
 
    INDICATED  HORSEPOWER REQUIREMENT  KW               18,397.6         
    BRAKE      HORSEPOWER REQUIREMENT  KW               18,397.6         
    NET WORK REQUIRED                  KW               18,397.6         
    POWER LOSSES                       KW                    0.0         
    ISENTROPIC HORSEPOWER REQUIREMENT  KW               16,493.1         
    CALCULATED OUTLET TEMP  C                               80.1447      
    EFFICIENCY (POLYTR/ISENTR) USED                          0.90000     
    OUTLET VAPOR FRACTION                                    1.00000     
    HEAD DEVELOPED,       M-KGF/KG                       1,407.03        
    MECHANICAL EFFICIENCY USED                               1.00000     
    INLET HEAT CAPACITY RATIO                                1.85845     
    INLET VOLUMETRIC FLOW RATE , L/MIN                 553,730.          
    OUTLET VOLUMETRIC FLOW RATE, L/MIN                 448,888.          
    INLET  COMPRESSIBILITY FACTOR                            0.74387     
    OUTLET COMPRESSIBILITY FACTOR                            0.74728     
    AV. ISENT. VOL. EXPONENT                                 1.32193     
    AV. ISENT. TEMP EXPONENT                                 1.32350     
    AV. ACTUAL VOL. EXPONENT                                 1.37054     
    AV. ACTUAL TEMP EXPONENT                                 1.34138     
 
 BLOCK:  TURB     MODEL: COMPR            
 ----------------------------- 
   INLET STREAM:          COLDOUT  
   OUTLET STREAM:         S5       
   PROPERTY OPTION SET:   LK-PLOCK  LEE-KESLER-PLOCKER EQUATION OF STATE         
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(KMOL/HR )            98160.0         98160.0         0.00000     
       MASS(KG/HR   )           0.432000E+07    0.432000E+07     0.00000     
       ENTHALPY(CAL/SEC )      -0.235244E+10   -0.237426E+10    0.919097E-02 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E            0.432000E+07  KG/HR            
    PRODUCT STREAMS CO2E         0.432000E+07  KG/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      KG/HR            
    UTILITIES CO2E PRODUCTION     0.00000      KG/HR            
    TOTAL CO2E PRODUCTION         0.00000      KG/HR            
 
                           ***  INPUT DATA  *** 
 
   POLYTROPIC COMPRESSOR USING ASME METHOD 
    OUTLET PRESSURE  BAR                                    55.0000      
    POLYTROPIC EFFICIENCY                                    0.90000     
    MECHANICAL EFFICIENCY                                    1.00000     
 
                           ***  RESULTS  *** 
 
    INDICATED  HORSEPOWER REQUIREMENT  KW              -91,363.4         
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    BRAKE      HORSEPOWER REQUIREMENT  KW              -91,363.4         
    NET WORK REQUIRED                  KW              -91,363.4         
    POWER LOSSES                       KW                    0.0         
    ISENTROPIC HORSEPOWER REQUIREMENT  KW              -82,498.6         
    CALCULATED OUTLET TEMP  C                              647.264       
    EFFICIENCY (POLYTR/ISENTR) USED                          0.90000     
    OUTLET VAPOR FRACTION                                    1.00000     
    HEAD DEVELOPED,       M-KGF/KG                      -6,987.35        
    MECHANICAL EFFICIENCY USED                               1.00000     
    INLET HEAT CAPACITY RATIO                                1.19636     
    INLET VOLUMETRIC FLOW RATE , L/MIN               1,707,730.          
    OUTLET VOLUMETRIC FLOW RATE, L/MIN               2,307,220.          
    INLET  COMPRESSIBILITY FACTOR                            1.02160     
    OUTLET COMPRESSIBILITY FACTOR                            1.01358     
    AV. ISENT. VOL. EXPONENT                                 1.21836     
    AV. ISENT. TEMP EXPONENT                                 1.18835     
    AV. ACTUAL VOL. EXPONENT                                 1.24533     
    AV. ACTUAL TEMP EXPONENT                                 1.21356     
